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CHAPTER 1: INTRODUCTION 
Portions of the text in this chapter were reprinted or adapted with permission from (a) 
Hollingsworth, T. S.; Hollingsworth, R. L.; Rosen, T.; Groysman, S. RSC Adv. 2017, 7, 41819-
41829. (b) Hollingsworth, T. S.; Hollingsworth, R. L.; Lord, R. L.; Groysman, S. Dalton Trans. 
2018, 47, 10017-10024.  
1.1 Cooperative reactivity of bimetallics 
There is a significant interest in the chemistry of bimetallic complexes because they often 
demonstrate an advantageous reactivity compared with the corresponding mononuclear systems.1 
Cooperative reactivity of bimetallics is observed in many different areas of chemistry, including 
bioinorganic chemistry, chemical catalysis, small molecule activation and sensing.2-5 The 
advantageous reactivity of bimetallic (or multimetallic) complexes vs. the respective 
monometallic systems (the “bimetallic effect”) can be attributed to several factors: (i) these are 
often multielectron transformations and a bimetallic  complex provides twice as many electrons 
as a mononuclear one; (ii) cooperative synergistic reactivity between two metal sites can be 
achieved, which can alter the energy of the reaction intermediates/transition states and thus affect 
the overall  reaction profile.  
It is worth noting that mononuclear complexes often assemble into bimetallic 
intermediates even when the precursors lack dinucleating ligands. The formation of such bimetallic 
intermediates may occur if (1) bimetallic mechanism is more facile; (2) the ancillary ligands at each 
mononuclear complex allow formation of a bimetallic intermediate. In an example from 
Mehrkhodavandi and coworkers (Figure 1.1), potentially coordinatively unsaturated indium 
complex forms a di-indium alkoxo-bridged species.6 Mechanistic investigations reveal that this 
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complex retains its dinuclear structure in solution and functions as a bimetallic polymerization 
catalyst.6 
 
Figure 1.1 Bimetallic lactide polymerization catalyst reported by Mehrkhodavandi and coworkers. 
One could argue that for the systems that prefer bimetallic cooperativity during catalysis, 
bimetallic complexes could be pre-designed to incorporate this synergy. The most 
straightforward way to predesign bimetallic complexes is with the aid of dinucleating ligands. 
Dinucleating ligands can be used to control various parameters such as metal – metal distance, 
types of metal utilized (early/late, soft/hard) and the interaction between the metals, in order to 
carry out different applications. 
My research focuses on two specific applications of bimetallic complexes: (1) as catalysts 
for lactide polymerization, and (2) as a functional model for biomimetic studies on Mo-Cu 
carbon monoxide dehydrogenase (CODH) enzyme. 
1.2 Polylactide  
Polylactides are biopolymers made via the ring-opening polymerization (ROP) of lactides 
(Figure 1.2). Lactide is a cyclic diester that is derived from renewable sources.7 The 
corresponding polymer, Poly(Lactic Acid) (PLA), features many characteristic properties similar 
to those of polyolefins, but offers an important advantage of biodegradability and 
biocompatibility.8 Because of their biodegradability these polymers are used as replacements for 
many disposable products like bottles, cups and plates, previously made using polyolefins. These 
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polymers have also found a broad range of applications in the biomedical and pharmaceutical 
fields; they can be used as controlled drug delivery vessels, in production of biomedical sutures, 
long term medical implants, bone repairing, and scaffolds for tissue engineering.9 The properties 
of poly(lactic acid) depend strongly on its tacticity, thus the stereoselective synthesis of new 
poly(lactic acid) microstructures is of great interest. 
 
Figure 1.2. General mechanism of production of poly(lactic acid) via cyclic monomer lactide. 
Polylactides are considered environmentally friendly due to their ability to decompose 
faster compared to conventional plastics. The life cycle of PLA is shown in Figure 1.3.10 Lactic 
acid is produced via the fermentation of sugars found in agricultural waste like corn. High 
molecular weight PLA is achieved via the ROP of these lactides, the cyclic dimer of lactic acid. 
The first step in the degradation is the hydrolysis to low molecular weight polymers and lactic 
acid. Then microorganisms are able to metabolize these products into carbon dioxide, water and 
biomass.  
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Figure 1.3. The lifecycle of polylactic acid (PLA).10 
Ring opening polymerization is the preferred method for PLA production as it yields high 
molecular weight polymers with narrow polymer weight distribution. This process typically 
requires a metal alkoxide based initiator and is generally thought to occur via the coordination 
insertion pathway.11  
The mechanism (Figure 1.4) is believed to begin with carbonyl activation due to 
coordination of the monomer to the Lewis acidic metal center. The lactide monomer is then 
inserted into the metal alkoxide (M-OR) bond via nucleophilic addition leading to ring-opening 
of the monomer due to cleavage of the acyl oxygen bond. This results in a new metal-alkoxide 
species capable of further insertion. Further lactide incorporation propagates polymer growth 
(propagation) until the polymerization is terminated by protonation by the addition of alcohol.11 
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Figure 1.4. Coordination – insertion ROP of lactide.11 
1.2.1 Polylactide stereochemistry 
Lactide has two stereocenters which leads to three stereoisomers (Figure 1.5): the RR 
configuration or D-lactide, its enantiomer, the SS configuration or L-lactide; the third is the 
diastereomer of the above two, RS configuration referred to as meso-lactide.  
 
Figure 1.5.  Three possible stereoisomers of lactide.12 
The stereosequence in PLA can be used in the characterization of these polymers. The 
combination of stereocenter pairs is used to describe the relationship between neighboring 
stereocenters. The relative stereochemistry of adjacent chiral centers is referred to as tacticity. If 
two neighboring stereocenters have the same configuration (-RR-RR- or -SS-SS-) they are 
denoted “i” (isotactic) and if two neighboring stereocenters have the opposite or alternating 
configuration (-RS-RS- or -SR-SR-) they are denoted “s” (syndiotactic) (Figure 1.6) 13 
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Figure 1.6.  Assignment of stereosequences in PLA. 13 
Polymerization of these stereoisomers can lead to polymers with significantly different 
stereochemistry. Polymerization of only L-lactide or only D-lactide yields isotactic PLA, 
whereas the polymerization of meso-lactide yields syndiotactic PLA or heterotactic PLA. 
Polymerization of a racemic mixture of L-lactide and D-lactide (rac-lactide) yield four different 
types of polymeric materials. Random polymerization of rac-lactide yields atactic PLA, altering 
insertion of L-lactide and D-lactide during polymerization yields heterotactic PLA. The complete 
polymerization of one enantiomer before polymerization of the other enantiomer would give 
stereoblock isotactic PLA (Figure 1.7).13 
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Figure 1.7.  Lactide stereochemistry and PLA microstructures.13 
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When characterizing PLA, four stereocenters in a row or tetrad sequence is taken in to 
consideration. Poly(L-lactide) or poly(D-lactide) have isotactic relationships when considering a 
tetrad, and can be denoted as iii. (Figure 1.8)12 The polymerization of rac-lactide or meso-lactide 
will have additional tetrad possibilities as shown below. Poly(rac-lactide) can have sii, iis, isi, sis 
and iii as tetrad possibilities (Figure 1.9) 12 and poly(meso-lactide) can have ssi, iss, isi, sis and 
sss as tetrad possibilities (Figure 1.10). 12 Di-syndiotactic tetrads (sss, iss, ssi) cannot be formed 
in poly(rac-lactide) and di-isotactic tetrads (iii, sii, iis) cannot be formed in poly(meso-lactide).12 
 
Figure 1.8. Tetrads of poly(L-lactide) and poly(D-lactide).12 
 
Figure 1.9. Tetrads of poly(rac-lactide).12 
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Figure 1.10.  Tetrads of poly(meso-lactide).12 
1.3 Polylactide Characterization 
Polymers are characterized based on their stereochemistry, molecular weight and 
molecular weight distribution. This section outlines techniques used to characterize PLA in this 
research. 
1.3.1 Homonuclear-decoupled NMR Spectroscopy 
Multiple resonances can be observed for the methine proton in PLA due to the different 
stereochemical environments in the different types of PLA. The number of methine resonances 
that can be observed in the NMR spectrum of a particular type of PLA indicates the number of 
possible stereosequence combinations in that polymer.14 For a PLA sequence with n 
stereocenters, there are 2(n-1) possible stereo sequence combinations. Thus, a tetrad of four 
stereocenters has 23 = 8 stereo sequence combinations. The probability of each of these 
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combinations occurring in the polymer chain can be calculated based on bernoullian statistics 
(Table 1.1).15 
Table 1.1. Tetrad probabilities based on bernoullian statistics.15 
Probability 
tetrad rac-lactide meso-lactide 
[iii] Pm
2 + PrPm/2 0 
[iis]  PrPm/2 0 
[sii] PrPm/2 0 
[sis] Pr
2/2 (Pm
2 + PrPm)/2 
[sss] 0 Pr
2 + PrPm/2 
[ssi] 0  PrPm/2 
[iss] 0 PrPm/2 
[isi] (Pr
2 + PrPm)/2 Pm
2/2 
Decoupling the methine proton from the methyl group in PLA allows the integrals of the 
tetrad peaks to be identified and quantified accurately by removing the quartet splitting due to 
the adjacent methyl group. Concentration of each tetrad can be calculated and polymer tacticity 
can be identified via the tetrad peaks integration observed in homonuclear decoupled 1H 
NMR.12,15 
Pr is the probability of racemic enchainment (the probability of forming a new racemic 
diad). Pm is the probability of meso enchainment (probability of forming a new meso diad) (Pm = 
1-Pr). These values are calculated using the integral ratios in the homonuclear decoupled 
1H 
NMR spectra of PLA (concentration of each tetrad) and the probability ratios given for each type 
of tetrad in the bernullian statistical table.12-15 For both rac- and meso-lactide, Pr or Pm = 0.50 
describes a completely atactic PLA.13 In the case of rac-lactide Pr = 1.00 (Pm = 0.00) and Pm = 
1.00 (Pr = 0.00) describe perfect heterotactic and isotactic polymers, respectively, whereas for 
meso-lactide Pr = 1.00 (Pm = 0.00) and Pm = 1.00 (Pr = 0.00) describe perfect syndiotactic and 
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heterotactic polymers, respectively.13 Atactic PLA will exhibit five resonances (in the 
homonuclear decoupled 1H NMR), heterotactic PLA will display two resonances (sis and isi) and 
isotactic PLA will show one resonance (iii) (Figure 1.11).12-13 
 
Figure 1.11. Relative tetrad intensities for atactic, isotactic, and heterotactic PLA.12-13 
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1.3.2 Gel-permeation chromatography (GPC) 
GPC is a type of size exclusion chromatography that separates out polymer chains in a 
sample based on the chain length and measure their relative abundance to determine the 
molecular weight distribution of the polymeric materials.16 
GPC employs a column containing porous beads as the stationary phase and a flowing 
solvent as the mobile phase. The mobile phase can flow between the beads and also in and out of 
the pores in the beads. The polymeric sample is dissolved and injected into the column. The 
polymer molecules are pushed through the column by an eluting solvent (THF) that flows at a 
constant rate.17 The larger the polymer chain coils, the fewer pores it can enter so they move 
straight through the mobile phase and takes less time to elute, whereas small polymer chain coils 
can go through many pores in the beads, thus takes a long time to pass through the column 
(Figure 1.12). The time it takes for a group of molecules of the same size to pass through the 
column is called the retention time. The eluting solvent is analyzed continuously using a 
detector.  
 
Figure 1.12. Principle of size exclusion chromatography in GPC. 
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The most common GPC detector is based on the principle of refractive index. Differential 
refractive index detector (RI) compares the refractive index of the sample solution to the 
refractive index of a reference solution. The difference in refractive index is proportional to the 
sample concentration. Polystyrene of a known molecular weight is commonly used as the 
reference. Gel permeation chromatography is used to determine the weight average molecular 
weight (Mw), number average molecular weight (Mn) and polydispersity index (PDI) of 
polymers.17 
The number average molecular weight is the total weight of a sample divided by the number of 
molecules within the sample. 
 𝑀𝑛 =
∑ 𝑁𝑖𝑀𝑖𝑖
∑ 𝑁𝑖𝑖
  
 
The weight average molecular weight uses the weight fraction of a weight range and divides by 
the total weight of the sample. Mw is typically bigger than Mn.  
 
 𝑀𝑤 =
∑ 𝑁𝑖𝑀𝑖
2
𝑖
∑ 𝑁𝑖𝑀𝑖𝑖
=
∑ 𝑤𝑖𝑀𝑖𝑖
∑ 𝑤𝑖𝑖
 
 
 
The PDI gives information about how the molecular weight varies and is calculated by taking the 
ratio of the Mw and Mn. 
 
 𝑃𝐷𝐼 =
𝑀𝑤
𝑀𝑛
  
 
 
 
𝑀𝑛: number average molecular weight. 
𝑁𝑖: number of polymeric chains. 
       𝑀𝑖: the molecular weight of chains 𝑁𝑖. 
𝑀𝑤: weight average molecular weight. 
𝑁𝑖: number of polymeric chains. 
𝑀𝑖: the molecular weight of chains 𝑁𝑖. 
𝑤𝑖: Weight of chains 𝑁𝑖 which equals 𝑁𝑖𝑀𝑖. 
 
𝑃𝐷𝐼: polydispersity index, 
𝑀𝑤: weight average molecular weight, 
𝑀𝑛: number average molecular weight 
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1.4 Bimetallic lactide polymerization 
Bimetallic cooperativity is a common theme in biological catalysis, and is currently an active 
area of research in chemical catalysis. Among other fields, bimetallic cooperativity has been 
postulated in polymerization of lactide and other cyclic esters.18 Lactide polymerization is generally 
catalyzed by strongly Lewis-acidic metals, in particular zinc. Zinc is an attractive choice as it is 
cheap and combines high activity and selectivity, it is also non-toxic and does not add color to 
polymers produced.19 The structure of the metal catalyst affects the properties of the resulting poly 
(lactic acid), including tacticity, molecular weight, and molecular weight distribution.  
Several recent reports demonstrated advantageous reactivity of predesigned bimetallics20-28 that 
may exhibit higher catalytic activity, higher molecular weights, or improved tacticity, in comparison 
with related mononuclear species. There is a significant number of bimetallic lactide polymerization 
catalysts stabilized by dinucleating ligands, including Salen derivatives,13 2,6-diaminophenolate 
derivatives,20, 21b, 27 2,2′-phenolate derivatives22 and other systems. 
Dinuclear indium halide complex (Figure 1.1) with bulky chiral diamino-alkoxide 
ligands by Mehrkhodavandi et al. can rapidly polymerize 200 equivalents of rac-lactide at room 
temperature in CDCl3 to give 90% conversion to atactic PLA (Pm= 0.48) with low PDI (1.04) 
within 50 minutes. This catalyst was also able to convert 2100 equivalents of rac-lactide with the 
same control to give polymer weights up to 350 kDa with very low PDI.6 
Figure 1.13. Selected recently reported bimetallic pre-catalysts for lactide polymerization. 
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The example above from Kirillov and coworkers (Figure 1.13) reports a dinuclear 
aluminium complex that enables 5 to 10 fold increase in activity in ROP of rac-lactide when 
compared to its mononuclear counterpart.22 This catalyst can rapidly polymerize 1000 
equivalents of rac-lactide at 120 °C in toluene to give 96% conversion to atactic PLA (Pm= 0.48) 
with low PDI (1.19) within 2 hours. Even though the two aluminium atoms are 8.0 Å apart in 
solid state, due to the low barrier of rotation around the aryl-aryl bond these two metal centers 
can come as close as 2.8 Å, which could lead to an activation mechanism in which both metal 
centers cooperate.22 The di-zinc macrocyclic catalyst above by Williams and coworkers (Figure 
1.13) can successfully polymerize 1000 equivalents rac-lactide within less than 2 min.21 
1.5 Molybdoenzymes 
Another major focus of my dissertation is bioinorganic chemistry of molybdoenzymes.  
Molybdenum is the most abundant transition metal found in the ocean, thus it is an integral part 
of the evolution of life on earth and is found in a wide array of biological systems as its water-
soluble form molybdate (MoO4
2-). Molybdoenzymes are present in nearly all forms of life 
ranging from bacteria to humans and function to catalyze biochemically and environmentally 
important reactions in sulfur, nitrogen and carbon metabolism. 29 
Molybdenum dependent enzymes can be divided to 2 main categories: 1) bacterial 
nitrogenase containing Fe/Mo cofactor (FeMoco) in the active site,30 2) pyranopterindithiolene-
based molybdoenzymes (Figure 1.14).31 All pterin-based molybdoenzymes contain one or two 
pyranopterindithiolene cofactors, that serve as dithiolene ligands to the molybdenum center 
(Figure 1.14). Pterin-based molybdoenzymes are further classified based on the coordination 
chemistry of molybdenum into three principle families; the xanthine oxidoreductase (XOR) 
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family, sulfite oxidase (SO) family and dimethyl sulfoxide (DMSO) reductase family (Figure 
1.15).31 
 
Figure 1.14. (A) FeMoco nitrogenase; (B) pyranopterindithiolene-based molybdoenzymes. 
 
Xanthine oxidoreductase family is the longest studied family of molybdoenzymes, named 
after its most prominent member, Xanthine oxidoreductase (XOR). XOR catalyzes the 
hydroxylation of a carbon center to carry out xanthine degradation to uric acid in purine 
catabolism.31-32 The active site of this enzyme has a distorted square pyramidal coordination 
geometry around the molyndenum.32 The molybdenum(VI) is ligated by a single 
pyranopterindithiolene cofactor, one oxo ligand, one sulfide and catalytically labile hydroxy 
(Mo-OH). XOR formally inserts oxo into C–H bonds of hypoxanthine (to give xanthine) and 
xanthine (to give uric acid) by donating the basal molybdenum–oxo to C8 of the substrate.31-32 
The sulfite oxidase (SO) family members contains an active site similar to XOR family, 
where the molybdenum (VI) is ligated by a single pyranopterindithiolene cofactor, two oxo 
ligands and a cystine ligand instead of the basal oxo.31 These enzymes catalyze the addition or 
removal of oxygen to the substrates. The two main classes in this family are sulfite oxidase 
which adds oxygen to sulfite to give sulfate and nitrate reductase which removes oxygen from 
nitrate to give nitrite.31 
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The third family of mononuclear molybdoenzymes, DMSO reductase family are the most 
structurally and functionally diverse.31 The active site contains two pyranopterindithiolene 
cofactors coordinated to the molybdenum, an oxo ligand and the final ligand can be serine 
(DMSO reductase), cysteine (nitrate reductase) or selenocysteine (formate dehydrogenase) based 
on the enzyme in which it is found. These enzymes are mostly oxotransferases.31 
  
Figure 1.15. Three families of molybdoenzymes.31 
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1.6 Molybdenum–copper carbon monoxide dehydrogenase 
Molybdenum–copper carbon monoxide dehydrogenase (Mo–Cu CODH) is a member of 
the xanthine oxidoreductase family,31b which catalyzes the reversible oxidation of CO, according 
to the following equation: CO + H2O ↔ CO2 + 2H+ + 2e−.31a, 33 The active site of Mo–Cu CODH 
(Figure 1.16) contains a molybdenum(VI) center linked to a copper(I) center through a sulfido 
bridge. 31a, 33 The Mo center has an approximate square pyramidal configuration with a single 
pyranopterindithiolene cofactor, axial oxo and basal oxo, and sulfido ligands. The copper 
fragment contains low-coordinate copper(I) ligated by a cysteinate ligand, in addition to Mo–
sulfide forming a nearly linear Mo-S-Cu bridge.33-35 
 
Figure 1.16.  Heterobimetallic active site of Mo-Cu CODH. 
The mechanism of CO oxidation by the active site of Mo–Cu CODH is postulated to 
commence with CO coordination to the unsaturated copper(I) site, followed by an attack of a 
reactive basal molybdenum–oxo.33-35 The exact role of the bridging sulfido in the reaction 
mechanism is currently under debate.35 Earlier studies advocated both structural and functional 
roles,33a-b, 36 which involve a direct interaction (insertion) between CO and bridging sulfido 
(Figure 1.17 A), where it subsequently undergoes a nucleophilic attack by the basal oxo of Mo 
to form a thiocarbonate intermediate, causing Mo to be reduced from Mo(VI) to Mo(IV). This is 
followed by the breakdown of the thiocarbonate intermediate with the aid of water to produce 
CO2. Finally, the active site is regenerated to Mo(VI) through the transfer of electrons. This 
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mechanism draws its support from the chemistry of isocyanide that has been proposed to bind in 
a way similar to CO and is based on the crystal structure of n-butyl isocyanide-bound state of 
CODH by Dobbek et al 2002.33a  
More recently, Hille, Kirk and coworkers suggested that the bridging sulfido may play a 
primarily structural (or structural/electronic) role, bringing Cu-coordinated CO close to the 
reactive Mo–oxo.35,38 Overall, Mo–Cu CODH functions as an oxo-transferase, catalyzing oxo-
transfer to CO. The related XOR is a hydroxylase, that formally inserts oxo into C–H bonds of 
hypoxanthine (to give xanthine) and xanthine (to give uric acid).31a,39 This proposed reaction 
mechanism (Figure 1.17 B) involves nucleophilic attack of MoVI=O oxo on the carbon center of 
Cu(I)–CO, resulting in a 5-membered cyclic intermediate (that can bind HO-/H2O). This is 
followed by a second nucleophilic attack on the activated CO2 carbon centre to yield a Mo(IV)-
bicarbonate complex.38 This mechanism is supported by DFT calculations.37 
In both cases, the molybdenum(VI)–oxo functionality is likely rendered sufficiently 
nucleophilic due to the presence of several multiply-bonded ligands at the metal. It is generally 
accepted that monooxo d0 complexes (e.g. MoVIO) demonstrate an M–O bond order of 3, which 
leads to an electrophilic behavior at the oxo.40-42 In contrast, complexes featuring two oxo groups 
(e.g. MoVIO2) demonstrate lower M–O bond orders due to the lack of a sufficient number of dπ 
orbitals of the appropriate symmetry.41, 43 Furthermore, in trioxo (or mixed oxo–sulfido variants) 
MoVIO3 (M
VIOnS3−n) complexes and beyond, the bond order of individual metal–oxo functions 
decrease significantly, which leads to nucleophilic reactivity.44, 45 In both CODH and XOR, a 
nucleophilic molybdenum oxo attacks an electrophilic substrate: heterocyclic carbon in XOR and 
Cu(I)-bound CO in CODH.31a, 35  
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Figure 1.17. Possible catalytic cycles for CO oxidation at the active site of Mo-Cu CODH. 
1.7 Importance of CODH model chemistry and previously reported structural models 
Carbon monoxide (CO) is an odorless and colorless gas that is isoelectric to cyanide (CN-
). CO is a highly toxic gas that is emitted in large quantities as a result of incomplete combustion 
of gasoline or diesel fuel in automobile engines and industry.46 This problem is generally solved 
by using catalytic converters as part of the automobile exhaust system.47 Catalytic converters 
oxidize emitted CO to CO2 with dioxygen according to CO + 1/2O2 → CO2. In addition, residual 
NOx and unburned hydrocarbons are transformed into N2, O2, CO2, and H2O. Most currently 
used catalytic converters rely on precious metals, such as platinum, palladium, or rhodium.48 The 
major drawback of these catalysts is the high cost of precious metals that necessitates their 
extraction from catalytic converters after the end of their use. An additional, significant 
disadvantage of precious metal catalysts for CO oxidation is the requirement for high 
temperatures (>100 °C) for their efficient operation, in part due to their high affinity for CO.49 
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The preference of these metals to absorb CO at the expense of O2 leads to the unproductive 
saturation of the active sites, catalyst “poisoning” (Figure 1.18).50 Due to these drawbacks, there 
is a substantial interest in the design of efficient and less expensive CO oxidation catalysts, in 
particular, those containing earth-abundant elements.47-50 
 
Figure 1.18. Generalized mechanism of CO oxidation on the precious metal surface. 
Regarding the choice of earth-abundant elements, bioinorganic chemistry provides a 
useful guideline for possible metal choices of the initial bimodal catalyst. Mo-Cu CODH 
catalyzes efficient oxidation of CO at ambient conditions.33a-b,51 Thus, model systems of CODHs 
will not only help understand structure–function relationship and mechanistic aspects of CODH 
systems in biology, but, even more importantly, may help develop cheaper CO oxidation catalysts. 
The unprecedented structure of the Mo–Cu CODH active site prompted several research 
groups to pursue its biomimetic chemistry.51-54 These efforts led to several structural models, 
which capture some of the structural features of the Mo–Cu CODH active site (Figure 1.19). 
Young and coworkers reported a Mo(V)–Cu(I) complex bridged by a single sulfido, a disposition 
made possible by the coordinative saturation of both molybdenum and copper.52 Holm and 
coworkers used their previously synthesized model of XOR, [WO2S(bdt)](NEt4)2,
53,55 as a 
precursor for a reaction with low-coordinate Cu(I) complexes. This reaction led to the formation 
of a disulfido bridge in WVIO2(bdt)(μ2-S)2CuI(SR).56 Molybdenum complexes of similar 
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topology were previously reported by Tatsumi and coworkers.54 We are unaware of any 
structural Mo–Cu CODH model that is capable of oxidation reactivity as well.  
Figure 1.19. Previously reported structural models of Mo–Cu CODH. 
1.8 Outlook, research goals and objectives 
Our group investigates cooperative reactivity of bimetallics supported by dinucleating 
ligands exhibiting various degrees of rigidity. The choice of linker is a crucial in designing a 
dinucleating ligand as the linker determines the distance between the two metals and their 
relative disposition, thus is directly responsible for the resulting structure and reactivity. Our first 
generation dinucleating ligands contained a p-xylenediamine linker, which proved to be too 
flexible, thus there was no guarantee that the two metals would come in close proximity to carry 
out cooperative reactivity (Figure 1.20).57 
 
Figure 1.20. Previous bimetallic systems from the Groysman group. 
To improve upon this design, we have recently begun investigating potentially 
dinucleating ligands based on 4,5-diamino xanthene linkers.58 Xanthene is a relatively rigid 
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group that positions the two metals close to each other to allow cooperative reactivity. Yet, the 
overall system is still flexible enough to allow the two chelating units sufficient freedom of 
movement versus each other, which may be beneficial if varying metal–metal distances are 
required to satisfy different bimetallic reaction intermediates.  
 Overall, the focus of my dissertation is on bimetallic cooperativity in catalysis and small 
molecule activation. Two specific goals of my work are: (1) investigation of the homobimetallic 
cooperativity in lactide polymerization catalysis; (2) investigation of the heterobimetallic 
cooperativity in a functional model of Mo-Cu CODH enzyme. 
The following objectives toward the achievement of these goals are defined: 
1. Synthesis and characterization of metal alkoxide precursors of main group elements. 
Synthesis and characterization of the complexes will be presented and discussed in 
Chapter 2.  
2.  Zinc bimetallics supported by xanthene-bridged dinucleating ligand: synthesis, 
characterization, and lactide polymerization studies. Synthesis and characterization of 
di-zinc bimetallic complex and investigation of their reactivity in lactide polymerization 
will be discussed in Chapter 3.  
3. Cooperative bimetallic hydroxylation reactivity of a heterodinuclear molybdenum-
copper model of Mo-Cu CODH. Synthesis of a heterodinucleating ligand, containing two 
different chelating sites, synthesis and characterization of heterodinuclear complexes 
featuring Mo(VI)-oxo/W(VI)-oxo and Cu(I) in the designated positions and investigation 
of the cooperative bimetallic hydroxylation reactivity will be presented and discussed in 
Chapter 4.  
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CHAPTER 2: SYNTHESIS AND CHARACTERIZATION OF METAL ALKOXIDE 
PRECURSORS OF MAIN GROUP ELEMENTS. 
Portions of the text in this chapter were reprinted or adapted with permission from 
Hollingsworth, T. S.; Hollingsworth, R. L.; Rosen, T.; Groysman, S. RSC Adv. 2017, 7, 41819-
41829.  
2.1 Introduction 
As discussed in Chapter 1, most catalysts for lactide polymerization require alkoxides as 
a functional group. A convenient way to make these catalysts is by using homoleptic metal 
alkoxide precursors. However, it turns out that there is a noticeable lack of homoleptic metal 
alkoxide precursors, since alkoxides tend to bridge and therefore form ill-defined clusters which 
are problematic as precursors for synthesis.59 Thus, there is a significant interest in the synthesis 
of homoleptic well-defined metal alkoxides for use as precursors for bimetallic systems as well 
as stand-alone catalysts. 
The Groysman group is interested in the synthesis of bulky metal alkoxide complexes. 
Previously, the chemistry of [OR = OCtBu2Ph] with the first-row transition metals was explored 
by our group.60 But for the purpose of precursors for bimetalic complexes in lactide 
polymerization, metal alkoxides specifically with Lewis acidic metals (Zn, Mg, and In) are 
required. The objective of this chapter was to synthesize and characterize well-defined 
homoleptic (or related) metal-alkoxide complexes which can serve as precursors for various 
catalysts requiring functional alkoxide groups, including polymerization of cyclic esters and 
ethers. 
2.2 Synthesis and characterization of main group metal alkoxides  
 We have previously described a series of divalent 3d metal complexes of the 
M(OR)2(THF)2 form (OR = OC
tBu2Ph), whose monomeric structure was made possible by the 
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use of excessively bulky alkoxides.60 Thus, our initial route towards Lewis-acidic metal 
complexes targeted synthesis of a “M(OR)2(THF)2” (OR = OCtBu2Ph, M = Mg, Zn) and 
“M(OR)3(THF)n” (OR = OCtBu2Ph, M = In) species first.  
 
Figure 2.1.  Synthesis of main group metal alkoxides. 
The addition of two equivalents of ROH 60d to diethylzinc failed to produce the expected zinc-
alkoxide product. Salt metathesis reaction between zinc chloride and two equivalents of LiOR 
produced Zn(Cl)(μ2-OR)2Li(THF) (1), which was isolated as colourless crystals from hexanes in 75% 
yield (Figure 2.1). Compound 1 demonstrates a distorted trigonal planar zinc centre ligated by two 
OR ligands and one chloride 61 (Figure 2.2). Notably, the chloride is terminal while the alkoxides are 
bridging. In contrast, in the corresponding nickel(II) structure (Ni(OR)(μ2-Cl)(μ2-OR)Li(THF)2), the 
chloride was bridging while one of the alkoxides was terminal.62 The bridging nature of both 
alkoxides in Zn(Cl)(μ2-OR)2Li(THF) supports the notion of the increased alkoxide basicity when 
coordinated to zinc. Selected bond distances and angles are given in Table 2.1.  
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Table 2.1. Selected bond distances (Å) and angles (°) for complex 1. 
Complex 1 
Zn - Cl 2.155(1) 
Zn - O1 1.902(3) 
Zn - O2 1.914(3) 
O1 - Zn - Cl 130.5(1) 
O2 – Zn - Cl 137.7(1) 
O1 – Zn - O2 89.6(1) 
 
 
Figure 2.2. X-ray structure of 1, 50% probability ellipsoids. H atoms are omitted for clarity. 
To abstract LiCl from 1, it was treated with TlPF6 or AgPF6. In both cases, an immediate 
reaction was observed, as indicated by the formation of TlCl (or AgCl) precipitate. However, while 1H 
NMR spectrum of the isolated product suggested formation of “Zn(OR)2” species, it was also 
accompanied by the formation of free alcohol, ROH. Our numerous attempts to isolate pure 
“Zn(OR)2” by recrystallization led to product mixtures containing varying amounts of the protonated 
ligand ROH. We note that while this behaviour stands in contrast to the Cr(II), Mn(II), Fe(II), and 
Co(II), for which M(OR)2(THF)2 could be isolated in good yields following similar protocols,
60a, 62 
Ni(II) and Cu(II) also failed to lead to isolable M(OR)2(THF)2 complexes.
62 
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Salt metathesis reaction between indium chloride and three equivalents of LiOR was 
carried out producing In(OR)2(μ2-Cl)2Li(THF)2 (2) which was isolated as colorless crystals from 
hexane in 70% yield. (Figure 2.1). Compound 2 demonstrates a slightly distorted tetrahedral indium 
center ligated by two OR ligands and two chloride (Figure 2.3). The chlorides are bridging while the 
alkoxides are terminal. Selected bond distances and angles are given in Table 2.2. To abstract LiCl 
from 2, it was treated with TlPF6 or AgPF6. In both cases, an immediate reaction was observed, as 
indicated by the formation of TlCl (or AgCl) precipitate. However, 1H NMR spectrum only indicated   
formation of free alcohol, ROH.  
Table 2.2. Selected bond distances (Å) and angles (°) for complex 2. 
Complex 2 
In – Cl1 2.4172(8) 
In – Cl2 2.4138(8) 
In – O1 1.994(2) 
In – O2 2.012(2) 
Cl1 - In - Cl2 91.45(3) 
O1 – In - Cl1 105.45(6) 
O2 – In - Cl2 108.29(7) 
O1 – In - O2 104.71(8) 
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Figure 2.3. X-ray structure of 2, 50% probability ellipsoids. H atoms are omitted for clarity. 
Protonolysis of Mg(n-butyl)(sec-butyl) with two equivalents of ROH produced the 
expected magnesium-alkoxide product, which was isolated as colorless crystals from diethyl ether 
in 91% yield. (Figure 2.1). Mg(OR)2(THF)2 (3) is a rare example of a well-defined monometallic 
magnesium bis(alkoxide). The complex was characterized by X-ray crystallography, 1H and 13C 
NMR spectroscopy, and elemental analysis. The solid-state structure demonstrates C2-
symmetrical structure, similar to the previously reported structures of Mn-Co complexes.60,62 
Magnesium center is tetra-coordinate, ligated by two alkoxides and two THF molecules (Figure 
2.4). Selected bond distances and angles are given in Table 2.3. 1H NMR spectrum is consistent with 
the solid-state structure, indicating C2 symmetry in solution as well. This assignment is based on one 
set of signals for both alkoxides, and both THF ligands. It is also worth noting that the phenyl group 
gives rise to five different aromatic signals, suggesting restricted rotation, and again consistent with 
effective C2 (as opposed to C2v) symmetry in solution. 
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Table 2.3. Selected bond distances (Å) and angles (°) for complex 3. 
Complex 3 
Mg – O1 1.8278(19) 
Mg – O2 2.048(2) 
O1 – Mg - O1 126.80(14) 
O2 – Mg - O2 91.04(12) 
 
 
Figure 2.4. X-ray structure of 3, 50% probability ellipsoids. H atoms are omitted for clarity. 
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Table 2.4. Experimental crystallographic parameters for 1-3. 
 
complex 1 2 3 
formula C34H54ClLiO3Zn C38H62Cl2InLiO4 C38H62MgO4 
Fw, g/mol 618.53 775.54 607.21 
temperature 100(2) 100(2) 100(2) 
cryst syst Monoclinic monoclinic orthorhombic 
space group P21/n P 21/c Fdd2 
color Colorless Colorless Colorless 
Z 4 4 16 
a, Å 9.9180(13) 10.1332(5) 21.017(2) 
b, Å 25.002(4) 15.7797(8) 36.775(4) 
c, Å 13.3687(14) 24.4204(13) 9.2521(10) 
α, deg 90.00 90.00 90.00 
β, deg 97.840(5) 93.160(2) 90.00 
γ, deg 90.00 90.00 90.00 
V, A3 3284.1(7) 3898.86 7151.0(13) 
dcalcd, g/cm
3 1.251 1.321 1.128 
μ, mm-1 0.860 0.779 0.086 
2θ, deg 51.68 55.52 51.48 
R1
α (all data) 0.0788 0.0692 0.1009 
wR2
b 
(all data) 
0.1571 0.1089 0.1065 
R1
a [(I>2σ)] 0.0561 0.0422 0.0525 
wR2
b [(I>2σ)] 0.1491 0.0955 0.0917 
GOF (F2) 1.072 1.007 1.004 
 
a R1 = ∑||Fo – |Fc||/∑|Fo|. b wR2 = (∑ (w(Fo2 – Fc2)2)/∑(w(Fo2)2))1/2. c GOF = (∑w(Fo2 – Fc2)2/(n – 
p))1/2 where n is the number of data and p is the number of parameters refined. 
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2.3 Summary and conclusions 
In this chapter we demonstrated the synthesis and characterization of three new main group 
bis(alkoxide) complexes featuring bulky alkoxide [OCtBu2Ph]. While the reaction of a magnesium 
alkyl precursor led to the formation of a mononuclear bis(alkoxide) Mg(OR)2(THF)2, the reaction of 
ZnCl2 or InCl3 with LiOR formed “ate” complexes Zn(Cl)(μ2-OR)2Li(THF) and In(OR)2(μ2-
Cl)2Li(THF)2. While we were not able to isolate clean monometallic products through the use of 
thallium (I) hexaflurophosphate as a chloride abstracting agent, there was indication of the formation 
of an “Zn(OR)2” species by NMR spectroscopy. This finding prompted us to investigate the reaction 
of in-situ formed “Zn(OR)2” in the following chapter. The inability to remove chloride from the 
indium complex led to the elimination of this complex from further study. The magnesium 
bis(alkoxide) complexes is a rare example of a monometallic magnesium bis(alkoxide). Its 
reactivity will be interrogated by our group in the future. 
2.4 Experimental details 
General methods and procedures. All reactions involving air-sensitive materials were 
carried out in a nitrogen-filled glovebox. Di-tert-butyl-phenylmethoxide (LiOR) and di-tert-butyl-
phenylmethanol (HOR) were synthesized according to previously published procedures.60 Zinc 
chloride, diethylzinc (1.0 M solution in hexanes) and n-butyl-sec-butyl magnesium (0.7 M solution 
in hexane) were purchased from Sigma and used as received. Indium chloride was purchased from 
Strem, and used as received. All non-deuterated solvents were purchased from Aldrich and were of 
HPLC grade. The non-deuterated solvents were purified using an MBraun solvent purification system. 
Benzene-d6 was purchased from Cambridge Isotope Laboratories. All solvents were stored over 3 Å 
molecular sieves. Compounds were generally characterized by 1H and 13C NMR, X-ray 
crystallography. NMR spectra of the metal complexes were recorded at the Lumigen Instrument 
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Centre (Wayne State University) on an Agilent 400 MHz Spectrometer in C6D6 at room temperature. 
Chemical shifts and coupling constants (J) were reported in parts per million (δ) and Hertz 
respectively. Detailed assignments of the signals in 1H NMR are given in Appendix B. X-ray 
structures were collected using Bruker Apex2 at the Lumigen Instrument Centre (Wayne State 
University).  
X-ray Crystallographic Details. The structures of 1-3 were determined by X-ray 
crystallography. A Bruker APEXII/Kappa three circle goniometer platform diffractometer with 
an APEX-2 detector was used for data collection. A graphic monochromator was employed for 
the wavelength selection (Mo Kα radiation, λ = 0.71073 Å). The data were processed, and the 
structure was solved using the APEX-2 software. The structure was refined by standard 
difference Fourier techniques with SHELXL (6.10 v., Sheldrick G. M., and Siemens Industrial 
Automation, 2000).
 
Hydrogen atoms were placed in calculated positions using a standard riding 
model and refined isotropically; all other atoms were refined anisotropically.  
Preparation of Zn(Cl)(μ2-OR)2Li(THF) (1).  A 2 mL solution of LiOR (66 mg, 0.29 mmol, 
2.0 equiv.) in THF and a 2 mL solution of ZnCl2 (20 mg, 0.15 mmol, 1 equiv.) in THF were prepared 
and cooled to −33 °C. The chilled solution of LiOR was then added dropwise to a stirring solution of 
the chilled ZnCl2. The reaction mixture was stirred for 1 hour, upon which the volatiles were 
removed in vacuo. The resulting solid was dissolved in 5 mL of hexane, filtered, and the volatiles 
removed in vacuo to afford 1 as a white crystalline powder (68 mg, 0.11 mmol, 75%). X-ray quality 
crystals were obtained from a saturated hexane solution of 1 kept at −33 °C. 1H NMR (C6D6, 400 
MHz) δ 8.02 (d, 3JHH = 7.8 Hz, 2H), 7.68 (d, 3JHH = 7.8 Hz, 2H), 7.28 (t, 3JHH = 7.8 Hz, 2H), 7.07 (m, 
4H), 2.89 (m, 4H, THF), 1.33 (s, 36H), 1.01 (m, 4H, THF). 13C{1H} NMR (C6D6, 100 
MHz) δ 150.90, 130.48, 127.15, 126.12, 125.97, 85.81, 68.13, 42.12, 31.24, 24.92.  
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 Preparation of In(OR)2(μ2-Cl)2Li(THF)2 (2).  A 2 mL solution of LiOR (62 mg, 0.27 
mmol, 2 equiv.) in diethyl ether and a 2 mL solution of InCl3 (30 mg, 0.135 mmol, 1 equiv.) in THF 
were prepared and cooled to −33 °C. The chilled solution of LiOR was then added dropwise to a 
stirring solution of the chilled InCl3. The reaction mixture was stirred for 2 hours, upon which the 
volatiles were removed in vacuo. The resulting solid was dissolved in 5 mL of hexane, filtered, and 
concentrated in vacuo to half the volume. X-ray quality crystals were obtained from the saturated 
hexane solution of 2 kept at −33 °C (74 mg 0.095 mmol, 70%). 1H NMR (C6D6, 400 MHz) δ 8.32 (d, 
3JHH = 7.8 Hz, 2H), 7.68 (br s, 2H), 7.45 (m, 2H), 7.10 (m, 4H), 3.39 (m, 8H), 1.33 (s, 36H), 1.24 (m, 
8H); 13C{1H} NMR (C6D6, 100 MHz) δ 148.91, 129.70, 128.82, 127.52, 126.30, 126.03, 88.79, 68.31, 
42.83, 31.40, 25.30. 
Preparation of Mg(OR)2(THF)2 (3). A 1 mL solution of HOR (138 mg, 0.63 mmol, 2.0 
equiv.) in diethyl ether and a 1 mL solution of Mg(n-butyl)(sec-butyl) (45 mg, 0.32 mmol, 1 equiv.) 
in hexane were prepared. The solution of HOR was then added dropwise to a stirring solution of 
Mg(n-butyl)(sec-butyl). 0.5 ml of THF was then added to the reaction mixture. The reaction mixture 
was stirred for 2 hours, upon which the volatiles were removed in vacuo. The resulting oily solid was 
extracted to diethyl ether, filtered and concentrated in vacuo to about 0.5 ml. X-ray quality crystals 
were obtained from a saturated diethyl ether solution of 3 kept at −33 °C (176 mg, 0.29 mmol, 91%). 
1H NMR (C6D6, 400 MHz) δ 8.13 (d, 3JHH = 7.8 Hz, 2H), 7.91 (d, 3JHH = 7.4 Hz, 2H), 7.34 (td, 3JHH = 
7.4 Hz, 4JHH = 1.8 Hz, 2H), 7.20 (quin, 
3JHH = 7.2 Hz, 4H), 3.75 (m, 8H), 1.33 (s, 36H), 1.20 (m, 8H); 
13C{1H} NMR (C6D6, 100 MHz) δ 154.30, 130.50, 129.79, 127.11, 126.03, 125.49, 84.58, 70.99, 
43.62, 32.25, 25.57. Anal. calcd for C38H62MgO4: C, 75.17; H, 10.29 Found: C, 74.85; H, 9.95 
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CHAPTER 3: ZINC BIMETALLICS SUPPORTED BY XANTHENE-BRIDGED 
DINUCLEATING LIGAND: SYNTHESIS, CHARACTERIZATION, AND LACTIDE 
POLYMERIZATION STUDIES. 
Portions of the text in this chapter were reprinted or adapted with permission from 
Hollingsworth, T. S.; Hollingsworth, R. L.; Rosen, T.; Groysman, S. RSC Adv. 2017, 7, 41819-
41829.  
 3.1 Introduction 
As described in the introduction, we are interested in studying cooperative reactivity of 
bimettalic systems in chemical catalysis, particularly in lactide polymerization. Previous studies 
have shown that the structure of the metal catalyst affects the properties of the resulting polylactide 
and that bimetallic cooperativity may exhibit higher catalytic activity, higher molecular weights, or 
improved tacticity, in comparison with related mononuclear species.6,21,22 This chapter focuses on the 
design, coordination chemistry, and reactivity of di-zinc complexes in lactide polymerization.   
3.2 Synthesis of homodinucleating ligands capable of binding two zinc ions in close 
proximity  
Our group has previously demonstrated that 4,5-diamino xanthene constitutes a suitable 
precursor for bimetallic complexes.58 We have also demonstrated cooperative alkyne 
cyclotrimerization catalyzed by a di-nickel complex ligated by dinucleating 4,5-diaminoxanthene-
based bis(iminopyridine) ligand,58b Next, we turned to investigate the reactivity of di-zinc complexes 
brought together by a dinucleating ligand featuring similar 4,5-diaminoxanthene linker. We 
hypothesized that neutral bis(iminopyridine) ligands used in the dinickel complex for alkyne 
cyclotrimerization would not be suitable for the relatively hard dicationic zinc(II), and thus decided to 
replace neutral iminopyridine with monoanionic iminophenolate. The presence of a single 
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monoanionic chelate at each zinc centre enables coordination of an additional monoanionic 
monodentate ligand (alkoxide or amide), as required for an active lactide polymerization catalyst. 
Dinucleating ligand L1 was obtained by condensation of previously reported 2,7-di-tert-
butyl-9,9-dimethyl-4,5-diaminoxanthene with 3,5-di-tert-butyl-2-hydroxybenzaldehyde in 
methanol. Pure ligand was obtained by recrystallization from benzene/methanol as bright yellow 
crystals in 76% yield (Figure 3.1). NMR data for L1 is consistent with the single species in 
solution featuring effective C2v symmetry as indicated by one peak for both xanthene methyl 
groups, and one peak for both xanthene tert-butyl groups.  
 
Figure 3.1.  Synthesis of L1. 
Interestingly, two different types of crystals were obtained by recrystallization of 
analytically and NMR-pure sample of L1 from hexanes (Figure 3.2). The major difference 
between the structures (L1syn and L1anti) is in the relative disposition of the chelating units – 
iminophenolates. In L1syn, the phenolates are on the same side of xanthene linker, which leads to 
their syn-parallel arrangement. In L1anti, the phenolates are on two different sides of the xanthene 
linker, in the anti-parallel arrangement. One noteworthy feature of the structures is the flexibility 
of the xanthene linker. While the linker appears to be perfectly flat in L1syn, it is slightly 
puckered in L1anti.  
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Figure 3.2. Left: X-ray structure of L1anti, 50% probability ellipsoids. Right: X-ray structure of 
L1syn, 50% probability ellipsoids. 
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Table 3.1. Experimental crystallographic parameters for L1syn and L1anti. 
 
 L1syn L1anti 
formula 
C53H72N2O3×0.5OEt2×0.5C6H14 C53H72N2O3 
Fw, g/mol 891.22 785.13 
temperature 100(2) 100(2) 
cryst syst Triclinic Monoclinic 
space group P-1 P21/n 
color Yellow Yellow 
Z 2 4 
a, Å 14.0407(12) 16.5356(7) 
b, Å 14.9293(12) 14.7630(6) 
c, Å 15.0232(12) 19.9092(8) 
α, deg 63.972(4) 90.00 
β, deg 84.451(4) 103.180(2) 
γ, deg 74.293(4) 90.00 
V, A3 2723.2(4) 4732.1(3) 
dcalcd, g/cm
3 1.087 1.102 
μ, mm-1 0.066 0.067 
2θ, deg 47.00 55.14 
R1
α (all data) 0.1548 0.0806 
wR2
b 
(all data) 
0.2976 0.1974 
R1
a [(I>2σ)] 0.0951 0.0666 
wR2
b [(I>2σ)] 0.2848 0.1853 
GOF (F2) 1.001 1.028 
 
a R1 = ∑||Fo – |Fc||/∑|Fo|. b wR2 = (∑ (w(Fo2 – Fc2)2)/ ∑ (w(Fo2)2))1/2. c GOF = (∑ w(Fo2 – Fc2)2/(n – 
p))1/2 where n is the number of data and p is the number of parameters refined. 
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3.3 Synthesis and characterization of a di-zinc bimetallics 
Our initial route towards bimetallic zinc complexes targeted previously synthesized zinc 
alkoxide Zn(Cl)(μ2-OR)2Li(THF) (Chapter 2) as the metal alkoxide precursor. As mentioned in 
chapter 2, since we could not isolate pure “Zn(OR)2”, we investigated the reactivity of L1 with 
two equivalents of complex 1, or with “Zn(OR)2” prepared in situ. Slow addition of L1 to the 
cold (−35 °C) THF solution containing two equivalents of complex 1 led to the clean formation 
of mononuclear complex 4 (Figure 3.3). Similarly, addition of L1 to the mixture of 1 and two 
equivalents of TlPF6 led to the formation of complex 4. It is hypothesized that the inability 
of L1 to function as a dinucleating ligand in this case results from the basicity of zinc-alkoxide 
precursors. It is also possible that the steric bulk of the Zn-OR fragment, occupying one of the L1 
sites, prevents the reaction of the second site with another equivalent of 1, triggering instead 
intramolecular protonolysis. In support of this hypothesis, complex 4 was obtained as an ROH 
adduct, 4·HOR, both in solution and in solid state. Solid-state structure of 4 (Figure 3.4) 
indicates hydrogen bonding between one of the L1 phenolates and the hydrogen atom of ROH 
(2.13 Å). 
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Figure 3.3. Coordination chemistry of L1 with zinc described in this chapter. Complex in square 
brackets (8) was not characterized by X-ray crystallography, and its structure is proposed based 
on NMR spectroscopy. 
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Table 3.2. Selected bond distances (Å) for complex 4. 
Complex 4 
Zn - O1 1.938(3) 
Zn - O2 1.979(3) 
Zn - N1 2.007(3) 
Zn - N2 2.037(3) 
Zn - O3 2.396(2) 
O2 --- H4 2.132 
 
 
Figure 3.4. X-ray structure of 4•HOR, 50% probability ellipsoids. H atoms (except for H4), co-
crystallized solvent, and alternative conformation of tBu groups are omitted for clarity.  
As the direct reaction of a zinc alkoxide precursor did not yield the desired dinuclear  
bis(alkoxide) complex, salt metathesis route of deprotonated L1 was pursued. Treatment 
of L1 with approximately two equivalents of tBuOLi produced compound 5 (Figure 3.3), which 
was obtained as yellow microcrystalline solid by recrystallization from hexanes. X-ray quality 
crystals of 5 were obtained from diethyl ether, and the solid-state structure is presented in Figure 
3.5. Compound 5 is a dilithium salt of L1 that incorporates an additional equivalent of LiOtBu to 
form the [Li3O3] cluster, in which lithiums are bridged by the μ3-OtBu ligand. In the solid-state 
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structure, all lithium sites are different, two being tetra-coordinate and the third tri-coordinate 
(Figure 3.5). One of the tetra-coordinate lithium sites is ligated by an ether molecule. The 1H 
NMR spectrum of 5 (obtained from hexanes) is in general agreement with this structure, with the 
major difference being coordinated THF in place of ether observed in the solid-state structure. A 
singlet for the [OtBu] group is observed at 1.34 ppm. The two iminophenoxide chelates are 
different in solid state but equilibrate in solution, giving rise to five different aromatic signals, 
two different signals for the phenoxide tBu groups, and one signal for the xanthene tBu groups. 
In contrast, xanthene methyls give rise to two different signals (1.77 and 1.58 ppm), breaking the 
effective xanthene plane symmetry, due to the Li3O3 cluster bridging the two iminophenoxide 
sites in an asymmetric fashion. The spectrum shows varying amounts of coordinated THF (one 
to two equivalents), whose labile coordination is likely responsible for the observed higher 
symmetry in solution. The attempts to use less than two equivalents of tBuOLi led to the 
isolation of the same structure, obtained in lower yield. 
 
Figure 3.5.  X-ray structure of 5, 30% probability ellipsoids. H atoms, co-crystallized solvent, 
and alternative conformation of tBu groups are omitted for clarity.  
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Addition of 5 to solution of two equivalents of zinc chloride in diethyl ether led to the 
formation of the dinuclear complex Zn2Li2(L
1)(Cl4)(OEt2)4 (6). Complex 6 was isolated as 
yellow blocks from a hexane/ diethyl ether mixture in 43% yield (Figure 3.3). The complex was 
characterized by proton NMR spectroscopy, X-ray crystallography and elemental analysis. 1H 
NMR spectrum of 6 contains broad resonances, suggesting a dynamic behavior in solution. The 
X-ray structure of 6 is given in Figure 3.6 below. The structure reveals that 6 is a di-zinc 
complex, where each zinc displays a pseudotetrahedral coordination environment including two 
chlorides, in addition to the iminophenolate chelate. The structure incorporates lithium ions that 
are linked to the complex through two chloride bridges each; pseudotetrahedral geometry of the 
lithium sites is completed by two coordinated ether molecules. Most significantly, the structure 
reveals anti-parallel arrangement of the two zinc metals coordinated by L1, with the Zn–Zn 
distance of 6.7 Å. While the anti-parallel arrangement is expected to be unfavorable for catalysis, 
it is likely due to the steric pressure around each zinc centre. We postulated that the removal of 
the incorporated lithium ions might release steric pressure and enable syn geometry of the zinc 
centres. To remove LiCl, 6 was treated with TlPF6 or AgPF6. In both cases, complex mixtures of 
products formed, from which we were not able to isolate any zinc-containing products. We have 
also attempted a direct reaction between 6 and two equivalents of LiOR, which failed to lead to a 
well-defined zinc-containing product. 
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Table 3.3. Selected bond distances (Å) and angles (°) for complex 6. 
Complex 6 
Zn1 O1 1.900(3) 
Zn1 N1 1.989(4) 
Zn1 Cl1 2.269(1) 
Zn1 Cl2 2.268(1) 
Zn2 O2 1.902(3) 
Zn2 N2 1.987(4) 
Zn2 Cl3 2.262(1) 
Zn2 Cl4 2.271(1) 
O1 Zn1 N1 96.4(1) 
O2 Zn2 N2 96.9(1) 
Cl1 Zn1 Cl2 101.1(1) 
Cl3 Zn2 Cl4 100.9(1) 
 
 
Figure 3.6. X-ray structure (50% probability ellipsoids) of 6.  
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As the attempts to obtain “Zn2(L1)(OR)2” species (where OR is a bulky alkoxide 
OCtBu2Ph) were unsuccessful, we decided to pursue dinuclear zinc species with a more 
conventional alkoxide – benzyloxide, Zn2(L1)(OBn)2. Zinc benzyloxide complexes are 
commonly used as precursors in lactide polymerization. As the most convenient path to these 
species generally lies through the protonolysis of preformed zinc alkyl species, the synthesis of 
Zn2(L
1)(Et)2 was pursued first. Slow addition of L1 to the excess diethylzinc solution (6 
equivalents) led to the formation of yellow-orange Zn2(L
1)(Et)2 (7), that was obtained as an 
analytically pure solid in 95% yield (Figure 3.3).  
NMR spectrum of 7 is concentration-dependent. At high concentration (∼60 mM), a 
single set of peaks, albeit slightly broadened, is observed (for the aromatic region, see Figure 
3.7A). The overall spectrum, that contains five distinct signals in the aromatic region, two 
distinct signals for the tBu groups, and a single resonance for xanthene methyl groups, is 
consistent with the fluxional structure of 7. Zn-CH2CH3 methylene appears as a broad signal at 
0.64 ppm in 1H NMR spectrum. Intriguingly, low concentration (∼10 mM) spectrum (Figure 3.7 
B) indicates presence of another species, in addition to 7. Comparing the spectrum of 7 with the 
spectrum of 4·HOR (Figure 3.7 C) reveals the presence of compound 4 in a low-concentration 
spectrum. One possible explanation for this observation is the dinuclear – mononuclear 
equilibrium that is more pronounced at low concentrations due to the volatility of ZnEt2. To 
probe this hypothesis, we treated the low-concentration spectrum with excess ZnEt2 (4 
equivalents), which resulted in the restoration of a single species consistent with 
Zn2(L
1)(Et)2 (Figure 3.7 D). 
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Figure 3.7. Aromatic region of 1H NMR spectra of: 7 at high concentration (A); 7 at low 
concentration (B); 4·HOR (C); 7 at low concentration following the addition of excess 
ZnEt2 (D).  
X-ray quality crystals of 7 were obtained by recrystallization from diethyl 
ether. 7 (Figure 3.8) is a dinuclear complex exhibiting syn-parallel disposition of the two zinc-
ethyl units, with a Zn⋯Zn separation of 4.5 Å. The geometry around zincs is trigonal planar, and 
the xanthene linker is flat. Zinc-phenoxide, imino, and ethyl distances are unexceptional.63 
Overall, 7 constitutes a rare structure of an iminophenolate-bound zinc-ethyl in which the zinc 
centre is 3-coordinate. Based on our unsuccessful attempts to synthesize a mononuclear analogue 
(see below), we propose that this structure is stabilized by the dinucleating ligand. A notable 
feature of the structure is the relatively short distance between Zn2 and C1 (methylene bound to 
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Zn2), 3.46 Å, due to the syn-parallel geometry. One could propose that the Zn2–C1 bond 
formation, which can be easily achieved by a minimal rotation of the N2O2Zn2 chelate towards 
the N1O1Zn1 chelate, can serve as a first step in the proposed transformation of 7 into 4 and 
ZnEt2 (Figure 3.9). 
Table 3.4. Selected bond distances (Å) and angles (°) for complex 7. 
 
Complex 7 
Zn1 - O1 1.910(4) 
Zn1 - C1 1.926(6) 
Zn1 - N1 1.991(4) 
Zn2 - O2 1.900(4) 
Zn2 - C2 1.923(6) 
Zn1 - N2 1.992(4) 
O1 - Zn1 - C1 126.8(2) 
O1 - Zn1 - N1 93.9(2) 
C1 - Zn1 - N1 139.0(2) 
O2 - Zn2 - C2 127.4(2) 
O2 - Zn2 - N2 94.1(2) 
C2 - Zn2 - N2 138.4(2) 
                     
 
 
 
 
 
Figure 3.8. X-ray structure (50% ellipsoids) of 7. H atoms, co-crystallized diethyl ether solvent, 
and an alternative orientation of one of the ethyl groups were omitted for clarity.  
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Figure 3.9. Possible mechanism for the formation of complex 4 from complex 7. 
Treatment of 7 with two equivalents of BnOH in C6D6 led to the clean formation of di-
benzyloxy complex 8 (Figure 3.3) as indicated by 1H and 13C NMR spectroscopy. The NMR 
spectrum of 8 contains a single and sharp set of dinucleating ligand resonances, consistent with a 
single isomer in solution. In contrast, benzyloxy resonances appear broadened, which indicates a 
dynamic process. Such dynamic process, comprising primarily benzyloxy, may involve 
monomer–dimer equilibrium, in which zincs are bridged by the alkoxide ligand. VT NMR 
experiments, carried out in the CD2Cl2 solution of 8 cooled to −75 °C, resolved some of the 
benzyloxy signals. Our repeated attempts to isolate complex 8 by recrystallization from several 
different solvents (C6D6, C7D8, CD2Cl2) led to the isolation of yellow crystals of the tetranuclear 
complex 9 (Figure 3.10), that was characterized by X-ray crystallography, 1H NMR 
spectroscopy, and elemental analysis. Due to the poor solubility of 9, we were not able to obtain 
its 13C NMR spectrum. In the structure of 9, one of the benzyloxy groups (of 8) has been 
replaced by the hydroxyl group. The “Zn2(L1)(OBn)(OH)” fragments then dimerize to form 
centrosymmetric 9. We note that (i) 9 exhibits syn geometry of the zinc-benzyloxy units in each 
complex; (ii) the 1H NMR spectrum of 9 differs significantly from that of 8. Whereas hydrolysis 
of 8 to give 9 can't be ruled out, NMR suggests otherwise as (i) no noticeable amounts of water 
are detected in BnOH (anhydrous, 99.8%); (ii) NMR monitoring of the decomposition 
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of 8 demonstrated formation of multiple species exhibiting signals in the olefinic (5–6 ppm) 
region. 
Table 3.5. Selected bond distances (Å) and angles (°) for complex 9. 
Complex 9 
Zn1 - O1 1.943(2) 
Zn2 - O1 1.922(2) 
Zn1 - O2 1.931(2) 
Zn2 - O2 1.954(2) 
Zn2 - O3 1.949(2) 
Zn1 - O4 1.937(2) 
Zn2 - O1 - Zn1 131.0(1) 
Zn2 - O2 - Zn1 120.0(1) 
 
 
Figure 3.10. X-ray structure (50% ellipsoids) of 9. H atoms, co-crystallized toluene solvent, and 
an alternative orientation of two of the tert-butyl groups were omitted for clarity.  
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 To demonstrate bimetallic cooperativity, a comparison with a close mononuclear 
analogue is desireable. Thus, the synthesis of a mononuclear analogue of 7 was also attempted 
(Figure 3.11). An iminophenolate ligand L2 was synthesized, and reacted with excess diethyl 
zinc, in order to obtain the Zn(L2)(Et) complex. However, regardless of the amount of 
diethylzinc used in the reaction (3–6 equivalents), the reaction leads to the formation of two 
species, none of which possess signals attributable to the ethyl group in the 1H NMR spectrum. 
Recrystallization leads to the isolation of the major product, bis(homoleptic) 
Zn(L2)2 complex 10, in 78% yield, that has been characterized by 
1H and 13C NMR spectroscopy, 
elemental analysis, and X-ray crystallography. We note the scarcity of tri-coordinate 
iminophenolate–zinc–ethyl complexes in the literature. While in some cases such complexes 
were synthesized, it was shown or hypothesized that they adopt phenoxide-bridged 
dimeric/polymeric structures in the solid state. We also note that in a related study on the 
synthesis of iminophenolate zinc pre-catalysts for lactide polymerization, bis(homoleptic) 
complexes were obtained for any ortho-phenolate substituents smaller than cumyl.63c Thus, while 
the bimetallic cooperativity of L1 complexes in lactide polymerization could not be directly 
assessed by a comparison with a mononuclear analogue, L1 enables bimetallic cooperativity in 
the formation of the desired diethyl complex, whose mononuclear analogue does not form. 
 
Figure 3.11. Reaction of L2 with excess ZnEt2 forming the bis(homoleptic) product 10. 
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Table 3.6. Experimental crystallographic parameters for 4-6. 
 
complex 4 5 6 
formula 
C53H70N2O3Zn 
×C15H24O 
×C6H12 
C61H86Li3N2O 
×0.5OEt2 
×1.5C6H14 
C69H110Cl4Li2N2O7Zn2 
×C6H14 
Fw, g/mol 1092.84 1092.77 1409.10 
temperature 100(2) 100(2) 100(2) 
cryst syst monoclinic Orthorhombic Monoclinic 
space group Cc Pbca P21/c 
color yellow Yellow Yellow 
Z 4 8 4 
a, Å 29.7214(18) 15.7195(9) 16.4922(6) 
b, Å 22.1597(18) 28.5190(17) 27.6893(11) 
c, Å 10.3440(6) 30.8537(18) 18.6758(8) 
α, deg 90.00 90.00 90.00 
β, deg 109.183(4) 90.00 113.206(2) 
γ, deg 90.00 90.00 90.00 
V, A3 6434.5(8) 13831.8(14) 7838.4(5) 
dcalcd, g/cm
3 1.128 1.050 1.194 
μ, mm-1 0.428 0.064 0.796 
2θ, deg 50.78 48.44 50.26 
R1
α (all data) 0.0662 0.1469 0.1307 
wR2
b 
(all data) 
0.1307 0.2421 0.1776 
R1
a [(I>2σ)] 0.0472 0.0887 0.0607 
wR2
b [(I>2σ)] 0.1219 0.2111 0.1556 
GOF (F2) 1.018 1.064 0.933 
 
aR1 = ||Fo – |Fc||/|Fo|. bwR2 = ((w(Fo2 – Fc2)2)/(w(Fo2)2))1/2. cGOF = ( w(Fo2 – Fc2)2/(n – 
p))1/2 where n is the number of data and p is the number of parameters refined. 
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Table 3.7. Experimental crystallographic parameters for 7, 9, and 10. 
 
complex 7 9 10 
formula 
C57H80N2O3Zn2 
×2OEt2 
C89H96N4O10Zn4 
×C7H8 
0.5C48H64N2O2Zn 
×OEt2 
Fw, g/mol 1078.11 1080.02 457.31 
temperature 100(2) 100(2) 100(2) 
cryst syst triclinic Monoclinic Orthorhombic 
space group P-1 P21/c Pbcn 
color yellow Yellow Yellow 
Z 2 4 8 
a, Å 14.0422(16) 15.2656(7) 18.7049(11) 
b, Å 14.7543(18) 24.0925(10) 11.8936(7) 
c, Å 14.7543(18) 16.2518(7) 23.2743(14) 
α, deg 94.571(6) 90.00 90.00 
β, deg 107.133(5) 91.554(2) 90.00 
γ, deg 106.102(5) 90.00 90.00 
V, A3 3072.3(6) 5975.0(5) 5177.8(5) 
dcalcd, g/cm
3 1.165 1.201 1.173 
μ, mm-1 0.826 0.850 0.520 
2θ, deg 47.00 52.98 54.92 
R1
α (all data) 0.1316 0.1088 0.0668 
wR2
b 
(all data) 
0.1705 0.1059 0.0957 
R1
a [(I>2σ)] 0.0610 0.0467 0.0375 
wR2
b [(I>2σ)] 0.1532 0.0945 0.0887 
GOF (F2) 0.961 0.928 0.945 
 
aR1 = ||Fo – |Fc||/|Fo|. bwR2 = ((w(Fo2 – Fc2)2)/(w(Fo2)2))1/2. cGOF = ( w(Fo2 – Fc2)2/(n – 
p))1/2 where n is the number of data and p is the number of parameters refined. 
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3.4 Investigation of the reactivity of zinc bimetallics in lactide polymerization 
We investigated the catalytic activity of Zn2(L
1)(OBn)2, formed in situ, in the ring-
opening polymerization (ROP) of rac-LA. Polymerization attempts were performed in 
dichloromethane at room temperature by adding benzyl alcohol to 7 followed by rac-LA 
(see Table 3.8). Under these conditions, the polymerization of 600 equivalents of rac-lactide 
reached high conversion of 86% after 24 h, exhibiting comparable activity to other dinuclear zinc 
catalysts.19, 28 Gel-permeation analysis (GPC) of the PLA samples obtained revealed narrow 
molecular-weight distribution (PDI ≤ 1.23), signifying a well-controlled polymerization reaction. 
Increasing the benzyl alcohol ratio to beyond a single equivalent per zinc centre led to “immortal 
polymerization”,65 yielding PLA samples with narrow MWD and expected MW according to 
initiator/benzyl alcohol/monomer ratios. Homo-decoupled 1H analysis indicated that 6 led to 
heterotactically-inclined PLA (Pr = 0.67), as reported with other dinuclear zinc complexes.  
Attempting to attain higher activities, polymerization runs were performed at 70 °C in 
toluene. High conversion of 88% was obtained only after 1 hour yielding PLA with reduced 
heterotacticity (Pr = 0.58) and higher PDI values. Extending the reaction time to 2 hours led to 
almost full conversion, however, heterotacticity and dispersity were further decreased. The 
deterioration of the sample qualities at high conversion might be a result of trans-esterification 
side reactions, which increase at elevated temperatures. 
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Table 3.8. Polymerization of rac-LA by 8a, f 
 [I]/[BnOH]/[LA] Temp (°C) Time (h) Convb Mn(calc)
c Mn
d PDI Pr
e
 
1 1/2/600 25 16 0.60 25900 15420 1.18 0.66 
2 1/2/600 25 24 0.86 37200 23430 1.23 0.67 
3 1/4/600 25 24 0.80 17300 15600 1.22 0.66 
4 1/10/1000 25 24 0.69 9900 5300 1.19 0.65 
5 1/2/600 70 1 0.88 38000 21700 1.43 0.58 
6 1/2/600 70 2 0.98 42300 24000 1.67 0.54 
a Polymerizations performed in CH2Cl2 (entries 1-4, 5 mL) or toluene (entries 5-6, 5 mL) 
employing 5 μmol of catalyst. b Determined by 1H NMR spectroscopy (500 MHz). c 
Calculated from [LA]/[BnOH] ratio multiplied by monomer conversion. d Determined by 
GPC analysis calibrated with polystyrene standards and multiplied by a correction factor of 
0.58. Values are given in g mol-1. e Determined from the methine region of the HD 1H NMR 
spectrum. f8 was formed in situ, by treatment of 7 with BnOH.  
 
3.5 Summary and conclusions 
This study pursued synthesis of new di-zinc complexes, stabilized by a xanthene-bridged 
bis(iminophenolate) ligand, which could serve as a lactide polymerization 
catalyst. L1 demonstrated rich coordination chemistry with various zinc precursors, leading to 
mononuclear (with zinc alkoxide), syn-dinuclear (with diethyl zinc), or anti-dinuclear (with zinc 
chloride) complexes. Syn-dinuclear complex Zn2(L
1)(Et2), obtained via a protonolysis reaction 
of L1 with excess diethylzinc, decomposes in solution into a mononuclear complex Zn(L1), along 
with ZnEt2; this reaction can then be reversed by the addition of excess ZnEt2. Interestingly, no 
mononuclear analogue of Zn2(L
1)(Et2) could be isolated as the protonolysis reaction of 
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mononucleating iminophenol bearing comparable substituents (L2) with diethylzinc leads instead 
to the bis(homoleptic) complex Zn(L2)2. Thus, while we could not directly assess cooperative 
reactivity in catalysis, our dinucleating ligand enables “cooperative synthesis” of two nearby 
zinc–iminophenolate–ethyl sites, possibly by virtue of sterics. Zn2(L1)(Et2) underwent clean 
reaction with benzyl alcohol to form benzyloxy species Zn2(L
1)(OBn)2. Zn2(L
1)(OBn)2 served as 
an efficient lactide polymerization catalyst, forming heterotactically-inclined PLA. Room-
temperature polymerization experiments, carried out in dichloromethane, led to the formation of 
polymers of relatively narrow MWD, suggesting well-controlled polymerization under these 
conditions. Polymerization experiments in toluene, carried out at 70 °C, demonstrated higher 
activity, but led to higher PDI values, and diminished heterotacticity. Our future studies will 
focus on the reactivity of this and related systems in polymerization of epoxides and 
copolymerization of epoxides with CO2. 
3.6 Experimental details 
General methods and procedures. All reactions involving air-sensitive materials were 
carried out in a nitrogen-filled glovebox. 2,7-di-tert-butyl-9,9-dimethyl-4,5-diaminoxanthene 
was synthesized according to previously published procedures.58 Synthesis of L2 has been 
previously reported as well.64 Di-tert-butylsalicylaldehyde, zinc chloride and diethyl zinc (1.0 M 
solution in hexanes) were purchased from Sigma and used as received. Rac-lactide was 
purchased from Sigma, and was purified by crystallization from dry toluene and sublimation. All 
non-deuterated solvents were purchased from Aldrich and were of HPLC grade. The non-
deuterated solvents were purified using an MBraun solvent purification system. Benzene-d6, 
toluene-d8, dichloromethane-d2, and chloroform-d1 were purchased from Cambridge Isotope 
Laboratories. All solvents were stored over 3 Å molecular sieves. Compounds were generally 
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characterized by 1H and 13C NMR, X-ray crystallography, and elemental analysis. NMR spectra 
of the ligands and metal complexes were recorded at the Lumigen Instrument Centre (Wayne 
State University) on an Agilent 400 MHz Spectrometer in C6D6, C7D8, or CD2Cl2 at room 
temperature. NMR spectra of PLA samples were recorded on Bruker Advance III 500 MHz 
spectrometer in CDCl3 at room temperature. Chemical shifts and coupling constants (J) were 
reported in parts per million (δ) and Hertz respectively. Detailed assignments of the signals in 1H 
NMR are given in Appendix C. X-ray structures were collected using Bruker Apex2 at the 
Lumigen Instrument Centre (Wayne State University). Elemental analysis was performed under 
ambient air-free conditions by Midwest Microlab LLC. The molecular weights (Mn and Mw) and 
the molecular mass distributions (Mw/Mn) of the PLA samples were measured by gel permeation 
chromatography (GPC) at 30 °C, using THF as solvent, a flow rate of eluent of 1 mL min−1, and 
narrow MW polystyrene standards as reference. The measurements were performed on a Jasco 
system equipped with an RI 1530 detector. A correction factor of 0.58 was employed for the 
molecular weight of PLA relative to polystyrene. GPC measurements were carried out by Tomer 
Rosen in the School of Chemistry at Tel Aviv University. 
X-ray Crystallographic Details. The structures of L1 (syn-parallel and anti-parallel 
conformers), 4-7, 9 and 10 were determined by X-ray crystallography. A Bruker APEXII/Kappa 
three circle goniometer platform diffractometer with an APEX-2 detector was used for data 
collection. A graphic monochromator was employed for the wavelength selection (Mo Kα 
radiation, λ = 0.71073 Å). The data were processed and the structure was solved using the 
APEX-2 software. The structure was refined by standard difference Fourier techniques with 
SHELXL (6.10 v., Sheldrick G. M., and Siemens Industrial Automation, 2000).
 
Hydrogen atoms 
were placed in calculated positions using a standard riding model and refined isotropically; all 
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other atoms were refined anisotropically (except specific cases described below). The structure 
of L1syn contained one solvent molecule per asymmetric unit displaying translational disorder. 
The solvent was modeled as hexane and diethyl ether with partial occupancies. Compound 4 
contained one hexane molecule in the asymmetric unit, located on a special position. Compound 
5 contained two disordered solvent molecules per asymmetric unit, one of which was modeled as 
hexane in two alternative conformations, and the other was modeled as diethyl ether in three 
alternative conformations. None of the disordered solvent molecules were refined 
anisotropically. Compound 6 contained two tBu groups displaying large wagging motion. The 
disorder in these tBu groups was modeled as two alternative conformations of unequal 
occupancies; the conformation with the larger occupancy was refined anisotropically. Compound 
7 contained two diethyl ether molecules per asymmetric unit, one of which was found to be 
disordered over two conformations. In addition, one of the zinc-bound ethyl groups exhibited 
two alternative conformations. Compound 9 contained one toluene molecule per asymmetric 
unit, which demonstrated translational disorder. Due to the disorder, the solvent was not refined 
anisotropically. In addition, one of the tBu groups was disordered over two conformations. In the 
structure of compound 10, the complex was located at the special position. Therefore, only half 
of the complex molecule constituted the asymmetric unit. The structure contained one diethyl 
ether molecule per asymmetric unit. 
Synthesis and characterization of L1 and compounds 4–10 
Preparation of L1. A 15 mL solution of 3,5-di-tert-butyl-2-hydroxybenzaldehyde (1.33 
g, 5.68 mmol, 2.0 equiv.) in methanol was added dropwise to a stirring 15 mL solution of 2,7-di-
tert-butyl-9,9-dimethyl-9H-xanthene-4,5-diamine (1.00 g, 2.84 mmol, 1.0 equiv.) in methanol. 
The reaction mixture was heated to reflux and stirred for 24 hours. The reaction mixture was 
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cooled to room temperature and the volatiles were removed in vacuo. The resulting solid was 
dissolved in a minimum amount of benzene and layered with excess methanol. Overnight 
recrystallization at room temperature afforded L1 as yellow crystals (1.69 g, 2.15 mmol, 
76%). 1H NMR (C6D6, 400 MHz) δ 14.45 (s, 2H), 8.58 (s, 2H), 7.51 (d, 4JHH = 2.4 Hz, 2H), 7.37 
(d, 4JHH = 2.0 Hz, 2H), 7.00 (d, 
4JHH = 2.4 Hz, 2H), 6.96 (d, 
4JHH = 2.0 Hz, 2H), 1.67 (s, 6H), 
1.45 (s, 18H), 1.26 (s, 36H). 13C{1H} NMR (C6D6, 100 MHz) δ165.65, 160.05, 146.51, 142.21, 
140.21, 137.65, 137.15, 130.82, 128.92, 127.40, 120.80, 119.68, 118.36, 35.65, 35.39, 35.00, 
34.54, 33.30, 32.07, 31.93, 29.97. Anal. calcd for C53H72N2O3: C, 81.08; H, 9.24; N, 3.61. 
Found: C, 81.12; H, 8.99; N, 3.61. 
Preparation of Zn(L1)·(ROH) (4·HOR). Method A: A 2 mL solution of TlPF6 (20 mg, 
0.057 mmol, 2.0 equiv.) in THF, a 2 mL solution of 1 (35 mg, 0.057 mmol, 2.0 equiv.) in THF, 
and a 2 mL solution of L1 (23 mg, 0.029 mmol, 1 equiv.) were prepared and cooled to −33 °C. 
The chilled solution of 1 was then added dropwise to a stirring solution of the chilled TlPF6, 
producing a cloudy white solution. The reaction mixture was stirred for 1 h, filtered, and the 
volatiles were removed in vacuo. The resulting solid was dissolved in 5 mL of hexane and 
filtered again. The chilled solution of L1 was then added dropwise to a stirring solution of the 
hexane filtrate, producing an orange solution. The reaction mixture was stirred for 1 hour, upon 
which the volatiles were removed in vacuo. Overnight recrystallization at −33 °C from a 
saturated diethyl ether solution afforded 4·HOR as orange crystals (20 mg, 0.019 mmol, 65%).  
Method B: A 2 mL solution of 1 (34 mg, 0.054 mmol, 2.0 equiv.) in THF and a 2 mL solution 
of L1 (21 mg, 0.027 mmol, 1 equiv.) were prepared and cooled to −33 °C. The chilled solution 
of L1 was then added dropwise to a stirring solution of the chilled 1, producing an orange 
solution. The reaction mixture was stirred for 1 h, upon which the volatiles were removed in 
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vacuo. The resulting solid was dissolved in 5 mL of hexane, filtered, and the volatiles were 
removed in vacuo. Overnight recrystallization at −33 °C from a saturated diethyl ether solution 
afforded 4·HOR as orange crystals (14 mg, 0.013 mmol, 49%). 1H NMR (C6D6, 400 
MHz) δ 8.55 (s, 2H), 7.79 (d, 3JHH = 8.3 Hz, 1H), 7.60 (d, 4JHH = 2.0 Hz, 2H), 7.46 (m, 1H), 7.25 
(m, 1H), 7.18 (s, 2H), 7.10 (m, 6H), 1.56 (s, 1H, R–OH), 1.51 (s, 18H), 1.42 (s, 6H), 1.40 (s, 
18H), 1.23 (s, 18H), 1.02 (s, 18H); 13C{1H} NMR (C6D6, 100 MHz) δ 172.65, 165.91, 147.78, 
142.88, 135.50, 133.63, 130.90, 128.66, 126.28, 126.09, 119.81, 118.26, 111.33, 41.77, 36.77, 
36.01, 35.16, 34.15, 31.70, 31.63, 29.84, 29.74, 28.17. 
Preparation of Li3(L1)(μ3-OtBu)(THF)n (5). Stirred solution of L1 (94 mg, 0.120 mmol) 
in 2 mL of diethyl ether was treated with excess LiOtBu (∼1 M solution in THF), yielding bright 
yellow solution. The reaction was stirred for 1 h, after which volatiles were removed in vacuo. 
The resulting yellow solid was dissolved in a mixture of hexane and diethyl ether (2 : 1 mL), 
filtered through celite, and the solution was concentrated to approximately 2 mL total volume. 
Recrystallization at −33 °C yields Li3(L1)(μ3-OtBu) (THF) as yellow microcrystalline solid (100 
mg, 0.105 mmol, 88% yield). The compound was characterized by 1H and 13C NMR 
spectroscopy, elemental analysis, and X-ray crystallography. 1H NMR (C6D6, 400 MHz) δ 8.50 
(s, 2H), 7.64 (d, 4JHH = 2 Hz, 2H), 7.33 (d, 
4JHH = 2 Hz, 2H), 7.15 (d, 
4JHH = 2 Hz, 2H), 7.05 
(d, 4JHH = 2 Hz, 2H), 3.31 (m, 8H, THF) 1.76 (s, 3H, Me), 1.64 (s, 18H), 1.57 (s, 3H, Me), 1.37 
(s, 9H), 1.32 (s, 18H), 1.26 (m, 8H, THF), 1.21 (s, 18H). 13C{1H} NMR (C6D6, 100 
MHz) δ 170.02, 168.20, 147.16, 143.32, 141.20, 140.11, 134.17, 131.70, 131.37, 129.43, 128.35, 
123.13, 118.12, 68.14, 35.80, 35.52, 35.49, 35.30, 34.99, 34.87, 33.98, 31.80, 31.67, 30.60, 
25.75, 25.66, 25.38. Anal. calcd for C57H76Li2N2O4Zn2 × C4H8O: C, 77.27; H, 9.14; N, 2.95. 
Found: C, 76.71; H, 9.09; N, 2.95. 
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Preparation of Zn2Li2(L1)(Cl4)(OEt2)4 (6). A 3 mL solution of Li3(L
1)(μ3-OtBu)(THF) 
(85 mg, 0.11 mmol, 1.0 equiv.) in diethyl ether was added to a stirring 2 mL solution of 
ZnCl2 (30 mg, 0.21 mmol, 2.0 equiv.) in diethyl ether, producing a deep yellow solution. The 
reaction mixture was stirred for 1 hour, filtered, and volatiles removed in vacuo. The resulting 
yellow solid was dissolved in a mixture of hexane and diethyl ether (4 : 1 mL) and 
concentrated in vacuo. Overnight recrystallization at −33 °C afforded X-ray quality crystals of 6 
as yellow blocks (67 mg, 0.046 mmol, 43%). 1H NMR (CD2Cl2, 400 MHz) δ 8.86 (br s, 2H), 
8.48 (br s, 2H), 7.55–6.90 (m, 6H), 3.45 (q, 3JHH = 8 Hz, 16H), 1.73 (s, 6H), 1.39 (s, 18H), 1.61 
(s, 3H), 1.26 (br s, 36H), 1.16 (t, 3JHH = 8 Hz, 24H). Anal. Cald for C69H110Cl4Li2N2O7Zn2 × 
C6H14: C, 62.03; H, 8.61; N, 1.93. Found: C, 61.76; H, 8.25; N, 1.58. 
Preparation of Zn2(L1)(Et)2 (7). A 3 mL solution of L1 (34 mg, 0.043 mmol, 1.0 equiv.) 
in diethyl ether and a 2 mL solution of diethyl zinc (0.28 mmol, 6.5 equiv.) in hexane were 
prepared and cooled to −33 °C. The solution of chilled L1 was then added dropwise to a stirring 
solution of the chilled diethyl zinc, producing a neon yellow solution. The reaction mixture was 
stirred for 1 hour, upon which the volatiles were removed in vacuo to afford the pure product as 
a neon yellow solid (46 mg, 0.041 mmol, 95%). X-ray quality crystals were obtained from a 
saturated diethyl ether solution of 7 at −33 °C; the complex co-crystalized with two diethyl ether 
molecules per one molecule of 7. 1H NMR (C6D6, 400 MHz, ∼60 mM) δ 8.20 (s, 2H), 7.63 (s, 
2H), 7.36 (s, 2H), 6.85 (s, 2H), 6.79 (br s, 2H), 1.62 (s, 18H), ca. 1.4 (br s, 6H, Xanthene-
Me), ca. 1.4 (br s, 6H, Zn–CH2CH3), 1.24 (s, 36H), 0.64 (br s, 4H, Z-CH2CH4). 13C NMR (C6D6, 
100 MHz) δ 171.88, 170.40, 147.18, 142.27, 140.62, 138.62, 136.61, 132.41, 130.77, 130.01, 
121.36, 120.78, 118.29, 66.25, 36.18, 35.40, 35.08, 34.36, 32.31, 31.92, 31.84, 30.36, 23.40, 
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14.70. Anal. calcd for C57H80N2O3Zn2 × 2C4H10O: C, 69.69; H, 9.00; N, 2.50. Found: C, 69.25; 
H, 8.57; N, 1.98. 
Preparation of Zn2(L1)(OBn)2 (8). Method A: A 0.5 mL solution of BnOH (5 mg, 0.042 
mmol, 2 equiv.) in C6D6 was added dropwise to a stirring solution of 7 (20 mg, 0.021 mmol, 1 
equiv.) in 0.5 mL C6D6, producing a yellowish-orange solution. The reaction mixture was stirred 
for 30 minutes and NMR was obtained. Absence of NMR signals corresponding to 7 and BnOH 
implies complete quantitative conversion to 8. 1H NMR (C6D6, 400 MHz) δ 8.55 (s, 2H), 7.60 
(d, 4JHH = 2.4 Hz, 2H), 7.20–7.05 (br, 10H, aromatic protons on BnO), 7.18 (d, 4JHH = 2.4 Hz, 
2H), 7.11 (d, 4JHH = 2.4 Hz, 2H), 7.10 (d, 
4JHH = 2.4 Hz, 2H), 4.31 (br s, 4H, methylene protons 
on BnO), 1.51 (s, 18H), 1.42 (s, 6H), 1.41 (s, 18H), 1.23 (s, 18H). 13C NMR (C6D6, 100 
MHz) δ 172.61, 165.91, 147.79, 142.87, 135.51, 133.63, 130.89, 128.86, 119.83, 118.26, 111.33, 
36.78, 36.01, 35.16, 34.15, 31.70, 31.63, 29.74, 28.17.  
Method B: Same as Method A, substituting C7D8 (toluene-d8) for C6D6. Absence of NMR 
signals corresponding to 7 and BnOH implies complete quantitative conversion to 8. 1H NMR 
(C7D8, 400 MHz) δ 8.50 (s, 2H), 7.56 (d, 4JHH = 2.4 Hz, 2H), 7.23–7.05 (br, 10H, aromatic 
protons on BnO), 7.21 (d, 4JHH = 2.4 Hz, 2H), 7.14 (d, 
4JHH = 2.4 Hz, 2H), 7.08 (d, 
4JHH = 2.4 Hz, 
2H), 4.72 (br s, 2H, methylene protons on BnO), 4.30 (br s, 2H, methylene protons on BnO), 
1.48 (s, 6H), 1.46 (s, 18H), 1.41 (s, 18H), 1.26 (s, 18H). 13C NMR (C7D8, 100 MHz) δ 172.60, 
165.85, 147.72, 142.98, 142.78, 135.60, 135.32, 133.76, 130.80, 128.73, 119.70, 118.19, 111.26, 
36.85, 35.93, 35.14, 34.10, 31.62, 31.55, 29.69, 27.99.  
Method C: Same as Method A, substituting CD2Cl2 for C6D6. Absence of NMR signals 
corresponding to 7 and BnOH implies complete quantitative conversion to 8. 1H NMR (CD2Cl2, 
400 MHz) δ 8.86 (s, 2H), 7.52 (d, 4JHH = 2.4 Hz, 2H), 7.36 (d, 4JHH = 2.4 Hz, 2H), 7.35 (br, 10H, 
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aromatic protons on BnO), 7.26 (d, 4JHH = 2.4 Hz, 2H), 7.10 (d,
4JHH = 2.4 Hz, 2H), 4.76 (br s, 
2H, methylene protons on BnO), 4.67 (br s, 2H, methylene protons on BnO), 1.71 (s, 6H), 1.40 
(s, 18H), 1.29 (s, 18H), 1.02 (s, 18H); 13C NMR (CD2Cl2, 100 MHz) δ 171.75, 166.09, 148.72, 
143.44, 142.37, 135.97, 135.43, 134.46, 131.03, 128.68, 119.81, 119.31, 112.00, 37.49, 35.72, 
34.31, 31.93, 31.56, 29.37, 28.31. 
Preparation of Zn4(L1)2(OBn)2(OH)2 (9). Slow evaporation of Zn2(L
1)(OBn)2 (23 mg, 
0.021 mmol) in concentrated CD2Cl2, C6D6, or C7D8 afforded 9 as neon yellow crystals (18 mg, 
0.017 mmol, 82%). The isolated crystals were of X-ray quality. 1H NMR (C6D6, 400 
MHz) δ 7.77 (s, 4H), 7.54 (d, 4JHH = 2 Hz, 4H), 7.50 (d, 4JHH = 2.9 Hz, 4H), 7.35–7.10 (m, 10H, 
aromatic protons on BnO), 6.65 (d, 4JHH = 2 Hz, 4H), 6.57 (d, 
4JHH = 2.4 Hz, 4H), 4.92 (d, 
2JHH = 
13.2 Hz, 4H, methylene protons on BnO), 4.55 (d, 4JHH = 12.7 Hz, 4H, methylene protons on 
BnO), 4.25 (s, 2H, OH), 2.13 (s, 6H), 1.99 (s, 6H), 1.54 (s, 36H), 1.26 (s, 36H), 1.22 (s, 36H). 
Anal. calcd for C120H156N4O10Zn4: C, 69.42; H, 7.57; N, 2.70. Found: C, 68.15; H, 7.86; N, 2.52. 
Preparation of Zn(L2)2 (10). A 2 mL solution of L2 (20 mg, 0.057 mmol, 1 equiv.) in 
hexane and a 2 mL solution of diethyl zinc (0.17 mmol, 3 equiv.) in hexane were prepared and 
cooled to −33 °C. The chilled solution of L2 was then added dropwise to a stirring solution of the 
chilled diethyl zinc, producing a neon yellow-green solution. The reaction mixture was stirred 
for 1 hour, upon which the volatiles were removed in vacuo to afford the pure product as a neon 
yellow-green solid (17 mg, 0.022 mmol, 78%). X-ray quality crystals were obtained from a 
saturated diethyl ether solution of 10 at −33 °C; the complex co-crystallized with one molecule 
of diethyl ether molecule per one molecule of 10. 1H NMR (C6D6, 400 MHz) δ 7.73 (d, 4JHH = 
2.4 Hz, 2H), 7.48 (s, 2H), 6.65 (d,4JHH = 2.9 Hz, 2H), 6.61 (s, 4H), 2.36 (s, 6H), 2.13 (s, 6H), 
1.73 (s, 18H), 1.30 (s, 18H), 1.11 (s, 6H); 13C{1H} NMR (C6D6, 100 MHz) δ175.24, 170.61, 
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146.62, 142.37, 135.66, 135.25, 131.47, 131.16, 131.12, 130.57, 129.43, 129.24, 117.74, 35.99, 
34.07, 31.63, 30.12, 20.81, 18.95, 17.40. Anal. calcd for C48H64N2O2Zn × C4H10O: C, 74.30; H, 
8.87; N, 3.33. Found: C, 73.37; H, 8.44; N, 3.46. 
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CHAPTER 4: COOPERATIVE BIMETALLIC HYDROXYLATION REACTIVITY OF 
A HETERODINUCLEAR MOLYBDENUM-COPPER MODEL OF MO-CU CODH. 
Hollingsworth, T. S.; Hollingsworth, R. L.; Lord, R. L.; Groysman, S. Dalton Trans. 2018, 47, 
10017-10024 . 
4.1 Introduction 
Bioinorganic modeling for the active site of Mo-Cu CODH (Figure 1.16) introduces some 
unique synthetic challenges in inorganic chemistry. Chemical intuition points to three important 
aspects of the active site is likely responsible for its reactivity: (1) a coordinatively unsaturated 
Cu(I) center serves as the initial anchor for CO; (2) MoVIO2 serves as an [O]-atom donor; (3) the 
sulfide bridge positions the metals sufficiently close to enable oxo-transfer. Based on these 
reasons, our goal is to design Mo-Cu (and related W-Cu) heterobimetallic complexes and study 
their reactivity in CO oxidation using O2 as an oxidant. Previous attempts to model this active 
site using a combination of mononuclear precursors have not been successful,54,56 due to the 
disproportionation of the sulfido bridge, caused by thiophilicity of Cu(I).44a,53 (Figure 1.19) We 
postulate that the lack of a proper dinucleating ligand has led to these difficulties. Thus, the use 
of a dinucleating ligand, capable of binding both molybdenum(VI) and copper(I) might increase 
the stability of the bimetallic system and enable reactivity studies. As we are not seeking the 
precise structural model, the [Mo–S–Cu] structural motif was not pursued in this study. As noted 
above, while the structural role of the bridging sulfido in bringing two reactive metals together is 
well established, its functional participation in CO oxidation is still debated.35 In the design of our 
system, we targeted the following features that appear essential for the enzymatic reactivity: (i) 
placement of Cu(I) in the vicinity of Mo(VI); (ii) presence of several multiply bonded groups on 
Mo(VI); (iii) coordinative unsaturation of Cu(I).  
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4.2 Synthesis of a heterodinucleating ligand, containing two different chelating sites 
The design of the heterodinucleating ligand (L3) is displayed in Figure 4.1. The overall 
structure includes a linker and two types of chelating units. Chelating unit 1 (iminopyridine) is 
neutral and soft and is anticipated to bind electron-rich late transition metal (LM) (i.e. Cu(I)). 
Chelating unit 2 (catechol) is hard and dianionic and is expected to bind an oxophilic, early 
transition metal (EM) (i.e. Mo(VI)), Furthermore, catechol (dioxolene) is potentially redox-
active, making it a better model for the redox-active dithiolene in pyranopterindithiolene. It is 
feasible that the iminopyridine chelating site could also incorporate the additional amine present 
in the ligand. 
 
Figure 4.1. Schematic drawing of the proposed bimodal complex with ligand L3. EM = Early 
Metal; LM = Late Metal. 
Our synthetic endeavours focused on the synthesis of the xanthene linker followed by two 
consecutive condensations of the amine functional groups of the linker with the aldehyde 
functional groups of the chelating units to form two different Schiff bases. Following the 
successful synthesis of the linker, a catechol-based functionality was added. Synthesis of the 
one-arm compound (11) is shown in Figure 4.2. The synthesis was carried out by condensation of 
2,3-dihydroxybenzaldehyde with 2,7-di-tert-butyl-9,9-dimethyl-xanthene-4,5-diamine in methanol 
for 24 hours to afford a bright orange solution containing compound 11. 1H NMR of the product 
obtained revealed a mixture of three products: xanthene diamine, one-arm compound (11), and 
two-arm compound with the majority of the product being compound 11. We were able to 
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support the formation of the desired product by ESI-MS (m/z = 473.2804). However, we were 
not able to isolate pure 11 since the compound decomposes on a silica column and can’t be 
eluted from alumina column.  
As we were not able to isolate pure compound 11, we decided to reduce the one-arm 
product (11) in situ using sodium borohydride, to obtain compound 12. Pure compound 12 was 
obtained in gram quantities in overall 62% yield, and was characterized by NMR spectroscopy 
and mass spectrometry. Following the synthesis of the one-arm compound 12, we proceeded to 
install the second arm (chelating unit), as shown in Figure 4.2. Compound 12 was treated with 
slight excess of 2-pyridine carboxaldehyde in methanol to afford a bright yellow solution. L3 has 
been obtained as a bright yellow solid in 82% yield from concentrated hexane solution. The nature 
and the purity of L3 was confirmed by 1H and 13C NMR spectroscopy, high-resolution mass 
spectrometry (HRMS), and elemental analysis.  
 
Figure 4.2. Synthesis of L3. 
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4.3 Synthesis and characterization of heterodinuclear complexes featuring Mo(VI)-
oxo/W(VI)-oxo and Cu(I) in the designated positions  
 
Figure 4.3. Reactions of L3 with Cu(I) and Mo(VI)/W(VI) precursors. 
To evaluate the selectivity of the binding positions of L3 for the designated metals, the reaction of 
L3 with a Cu(I) precursor, [Cu(NCMe)4](PF6), was investigated first. In addition, we also interrogated 
the reactivity of [Cu(NCMe)4](B(C6F5)4), as the latter counter-ion often exhibits better solubility and 
higher stability. Treatment of [Cu(NCMe)4](PF6) with the THF solution of L3 led to the formation of 
[Cu(L3)](PF6) (13(PF6)), isolated as a red-brown crystalline solid in 94% yield (Figure 4.3). The 
1H 
NMR spectrum of 13(PF6) demonstrates slightly broadened resonances, particularly in the aromatic 
region. Catechol OH signals are observed as well, suggesting that copper(I) does not bind to the 
catecholate functionality. The 1H NMR spectrum of [Cu(L3)](B(C6F5)4) (13(B(C6F5)4)) demonstrates 
overall similar, albeit sharpened, spectroscopic features. No difference in stability was observed 
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between 13(PF6) and 13(B(C6F5)4). ESI-MS (positive mode) for both 13(PF6) and 13(B(C6F5)4) 
contain peaks corresponding to the molecular ion [13]+: m/z of 626.2438 (predicted 626.2438) 
for 13(B(C6F5)4), and 626.2446 for 13(PF6). X-ray quality crystals of 13(PF6) were obtained by 
recrystallization from THF/ diethyl ether. X-ray structure determination reveals tridentate 
coordination of L3 to copper(I), via all the nitrogens in the ligand (Figure 4.4). The structure reveals 
Cu(I) coordination at the anticipated iminopyridine site, albeit involving the amine moiety on the 
second arm.  Selected bond lengths are given in Table 4.1. Copper(I) coordination to the secondary 
(benzylic) nitrogen rigidifies the overall structure and positions the catechol unit above copper–
iminopyridine.  
Table 4.1. Selected bond distances (Å) and angles (°) for complex 13. 
Complex 13 
Cu - N1 2.151(3) 
Cu - N2 2.010(3) 
Cu - N3 2.011(3) 
N1 - Cu - N2 79.17(10) 
N2 - Cu - N3 144.2(1) 
N1 - Cu - N3 132.4(1) 
 
        
Figure 4.4. X-ray structure of 13(PF6), 50% probability ellipsoids. PF6 counter-ion and co-
crystallized diethyl ether molecules are omitted for clarity. Left: top view. Right: side view. 
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The copper(I) site of Mo–Cu CODH exhibits the coordinative unsaturation necessary for the initial 
substrate binding. The copper(I) center in 13 is 3-coordinate,‡ and thus should also be capable of 
binding an additional ligand (CO). Development of a bioinspired model system of CODH as a CO 
oxidation catalyst requires the presence of a CO anchor (Cu) and a CO oxidant (metal-oxo) within 
the same bimetallic framework. CO, a weak σ-donor, does not constitute a good ligand for Cu(I). 
While transient binding of CO to Cu(I) is likely,67 isolation of CO-bearing complexes of Cu(I)  
might prove difficult. Thus our preliminary studies are focused on a “CO-type” ligand, 
isocyanide, to determine (i) the possible binding mode of CO; (ii) mechanistic insight of CO 
oxidation by a heterobimetallic system. Isocyanide is a better σ-donor and binds stronger to 
Cu(I) than CO. To demonstrate coordinative unsaturation of copper in 13, we treated it with a CO 
analogue, isocyanide CN(2,6-Me2Ph). As the reaction of 13(B(C6F5)4) led to a better defined NMR 
spectra, we limited our studies to the B(C6F5)4 salt. The addition of isocyanide to [Cu(L
3)](B(C6F5)4) 
forms an isocyanide complex [Cu(L3)(CN(2,6-Me2Ph))](B(C6F5)4) (14(B(C6F5)4)), isolated as a red-
orange solid in 96% yield. The coordination of isocyanide to copper(I) in 14(B(C6F5)4) is established 
by NMR and IR spectroscopy. 1H NMR spectrum (CD2Cl2) demonstrates a signal for the isocyanide 
Me groups at 2.26 ppm (2.41 ppm for free isocyanide). The IR signal for the CN stretch is found at 
2145 cm−1 (2118 cm−1 for free isocyanide), as expected for an isocyanide ligand that binds primarily 
through σ-donation. 
Following the determination of the copper(I) coordination mode to the ligand, we investigated 
the reactivity of L3 with molybdenum(VI). As tungsten(VI) is known to exhibit similar structural and 
functional chemistry, but is often more stable than its molybdenum(VI) counterpart,66 its chemistry 
was also studied. Slow addition of the ligand precursor in THF to cold acetonitrile solutions of 
[MO4](NEt4)2  (M = Mo(VI), W(VI))
68 forms complexes [Mo(O3)L
3](NEt4)2 (15(NEt4)2) and 
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[W(O3)L
3](NEt4)2 (16(NEt4)2). Complexes 15(NEt4)2 and 16(NEt4)2 are isolated as yellow crystals by 
recrystallization of the crude product from THF/CH3CN/ diethyl ether. The nature of the complexes 
was established by 1H and 13C NMR spectroscopy, high-resolution mass spectrometry, and elemental 
analysis. The 1H NMR spectrum demonstrates significant change in the chemical shifts of the 
catecholate aryl protons compared with the free ligand, suggesting catecholate coordination to 
molybdenum/tungsten. OH protons, previously observed in the spectra of the free ligand and 13(PF6), 
are notably absent in the spectra of 15(NEt4)2 and 16(NEt4)2. Mass spectra for both compounds are 
consistent with the proposed formulations of 15(NEt4)2 and 16(NEt4)2 as depicted in Figure 4.3, 
allowing the observation of the molecular ions. We were not able to obtain solid-state structures 
of 15(NEt4)2 and 16(NEt4)2, due to the very thin nature of the crystals. We also note that the 
[MVIO3(catecholate)] is a rare structural motif in the chemistry of Mo and W, presumably due to the 
nucleophilicity of the trioxo functionality (see below). A CCDC search revealed only one structure 
containing [MoVIO3(catecholate)],
69 and no respective W structures, as opposed to ∼40 structures of 
MoO2(catecholate)2 and ∼20 WO2(catecholate)2 complexes. 
 15(NEt4)2 and 16(NEt4)2 are stable indefinitely in solid state. In solution, however, both complexes 
undergo disproportionation to give [M(O2)L
3
2](NEt4)2 complexes 17(NEt4)2 (M = Mo) 
and 18(NEt4)2 (M = W) and [MO4](NEt4)2. The reaction is relatively slow in solvents of low polarity, 
dichloromethane and THF. Thus, a CD2Cl2 solution of 15(NEt4)2 (0.02 M molarity) demonstrates 
about 30% of 17(NEt4)2 after 24 hours at room temperature. The more polar solvent, acetonitrile, leads 
to a significantly faster transformation of 15(NEt4)2 to 17(NEt4)2, which is complete within 3 hours 
(Figure 4.3). Complexes 17(NEt4)2 and 18(NEt4)2 can also be synthesized directly by treating 
[MO4](NEt4)2 with two equivalents of L3. 17(NEt4)2 and 18(NEt4)2 are characterized by 
1H and 13C 
NMR spectroscopy, mass spectrometry, and elemental analyses. There are several notable differences 
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between the NMR spectra of 17(NEt4)2/18(NEt4)2 and of 15(NEt4)2/16(NEt4)2. Most importantly, 
whereas 15(NEt4)2/16(NEt4)2 appear as single species in their 
1H spectra, several species are observed 
in the spectra of 17(NEt4)2/18(NEt4)2. We hypothesized that the observation of several species is due 
to the presence of several conformers most likely involving bond rotation within L3. VT NMR 
supported this hypothesis: heating the sample to 50 °C leads to peak coalescence and the observation 
of single species for 18(NEt4)2. We were able to obtain the X-ray structure of 18(NEt4)2 (Figure 4.5), 
that confirmed expected catecholate coordination to the metal, and provided additional support for the 
proposed structures of complexes 15(NEt4)2 and 16(NEt4)2. Second coordination site, containing three 
nitrogens, is not bound to the metal. The geometry around W(VI) center in 18 is distorted octahedral. 
It should be also noted that 18 features crystallographic C2 symmetry, giving rise to one distinct W–
oxo bond distance, and two W–catecholate bonds distances (Table 4.2). 
Table 4.2. Selected bond distances (Å) for complex 18. 
Complex 18 
W - O1  1.747(6) 
W - O2  2.122(5) 
W - O3  2.009(4) 
 
 
Figure 4.5. Molecular structure of 18, 50% ellipsoids. NEt4 counterions and hydrogen atoms are 
omitted for clarity. 
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Table 4.3. X-ray crystallographic details for complexes 13(PF6) and 18(NEt4)2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aR1 = ||Fo – |Fc||/ |Fo|. bwR2 = ( (w(Fo2 – Fc2)2)/ (w(Fo2)2))1/2. cGOF = (  w(Fo2 – Fc2)2/(n – 
p))1/2 where n is the number of data and p is the number of parameters refined. 
 
 
Complex 13(PF6)×1.5C4H10O 18(NEt4)2 
Formula 
C36H41CuF6PN3O3 
×1.5C4H10O 
C44H57N4O4W0.50 
Fw, g/mol 883.41 797.86 
temperature 100(2) 100(2) 
cryst syst monoclinic monoclinic 
space group C2/c C2/c 
Color red yellow 
Z 8 8 
a, Å 23.123(2) 46.586(5) 
b, Å 20.901(2 9.6827(7) 
c, Å 17.9704(17) 17.8776(13) 
α, deg 90.00 90.00 
β, deg 102.919(4) 90.110(6) 
γ, deg 90.00 90.00 
V, A3 8465.0(14) 8064.2(12) 
dcalcd, g/cm
3 1.386 1.314 
μ, mm-1 0.626 1.493 
2θ, deg 50.30 55.32 
R1
α (all data) 0.0979 0.1183 
wR2
b 
(all data) 
0.1103 0.1655 
R1
a [(I>2σ)] 0.0461 0.0632 
wR2
b [(I>2σ)] 0.0965 0.1358 
GOF (F2) 0.976 1.143 
72 
 
 
4.4 Investigation of cooperative bimetallic hydroxylation reactivity 
Having established the coordination modes of L3 with Mo(VI)/W(VI) and Cu(I) separately, we 
turned to the synthesis of heterobimetallic complexes. Addition of red-brown 13(PF6) or 13(B(C6F5)4) 
to the colorless solutions of [MoO4](NEt4)2 leads to formation of a brown solution. 
1H NMR of the 
product mixture (Figure 4.6 A) demonstrates broad resonances, from which no indication on the 
nature of the resulting species can be obtained. The addition of [Cu(NCMe)4](PF6) to the solutions 
of 15(NEt4)2 and 16(NEt4)2 leads to similar color changes and similarly uninformative NMR spectra. 
The addition of [Cu(NCMe)4](PF6) to the CH2Cl2 solution of 16(NEt4)2 was followed by UV-vis 
spectroscopy (Appendix D). The UV-vis spectra reveal a slight shift in an “isosbestic” point 
throughout the addition, suggesting that the initial formation of heterobimetallic complexes may be 
followed by another reaction. However, it could also result from concentration changes, due to 
different solubilities of products vs. reactants.  
To shed light on the nature of the final product(s), we monitored the crude reaction mixture, 
resulting from the addition of [MoO4](NEt4)2 to 13(PF6), by 
1H NMR spectroscopy over several 
days. 1H NMR spectrum obtained after approximately 45 h (Figure 4.6 B) differed significantly from 
the initial spectrum. The aromatic region indicated the presence of ∼3 species. Comparison of the 
obtained spectrum with the spectrum of pyridine-2-carboxaldehyde (Figure 4.6 C) indicated that one 
of the species formed is pyridine-2-carboxaldehyde. Recrystallization of the product mixture (CD2Cl2, 
−30 °C), led to isolation of the major product (19(NEt4)), obtained as yellow crystals. 19(NEt4) was 
characterized by X-ray crystallography, NMR spectroscopy, and high-resolution mass spectrometry. 
The structure of 19(NEt4) (Figure 4.7) reveals an anionic molybdenum(VI) complex 
[Mo(L4)O2](NEt4) coordinated by a modified L3 ligand (L4) that contains a new C–O bond in place of 
the imine functionality; the imine is transformed into a secondary amine. L4 binds to the 
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metal via catecholate and alkoxy–pyridine; the remaining two positions at molybdenum are occupied 
by cis oxo groups. The high-resolution mass spectrum of 19(NEt4) demonstrates a molecular ion peak 
at m/z  = 708.1968 (m/z of 708.1977 calculated for [Mo(L4)O2]
−). The NMR spectrum of 19(NEt4) is 
consistent with its solid-state structure (Figure 4.6 D). Thus, instead of the previously observed imino 
proton, a doublet at 5.74 ppm is observed, consistent with the alkoxo methine sandwiched between 
NH and pyridine. The neighbouring NH signal (correlated to the alkoxo CH by COSY) appears as a 
doublet at 7.17 ppm. Full assignment of the spectrum is given in the Appendix D. 
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Figure 4.6.  (A) NMR spectrum obtained immediately after the addition of molybdate to the 
solution of 13(PF6); (B) NMR spectrum of the same solution collected after 45 h; (C) NMR 
spectrum of pure pyridine-2-carboxaldehyde; (D) NMR spectrum of crystallized 19. All spectra 
were collected in CD2Cl2; only the 5–11 ppm region is shown. 
 
 
A 
B 
C 
D 
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Table 4.4. Selected bond distances (Å) and angles (°) for complex 19. 
 
Complex 19 
Mo - O1 2.1449(2) 
Mo - O2 1.7119(2) 
Mo - O3 1.7105(2) 
Mo - O4 1.9870(2) 
Mo - O5 1.9230(2) 
Mo - N3 2.352(2) 
 
 
Figure 4.7. X-ray structure of 19(NEt4), 40% probability ellipsoids. NEt4 counter-ions are 
omitted for clarity. 
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Table 4.5. X-ray crystallographic details for complex 19(NEt4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aR1 = ||Fo – |Fc||/|Fo|. bwR2 = ((w(Fo2 – Fc2)2)/(w(Fo2)2))1/2. cGOF = ( w(Fo2 – Fc2)2/(n – 
p))1/2 where n is the number of data and p is the number of parameters refined. 
 
complex 19(NEt4)×2CH2Cl2 
formula 
C44H42MoN4O6 
×2CH2Cl2 
Fw, g/mol 1006.75 
temperature 100(2) 
cryst syst monoclinic 
space group P21/c 
color yellow 
Z 4 
a, Å 16.1435(6) 
b, Å 18.7693(7) 
c, Å 15.6833(6) 
α, deg 90.00 
β, deg 90.121(2) 
γ, deg 90.00 
V, A3 4752.1(3) 
dcalcd, g/cm
3 1.407 
μ, mm-1 0.552 
2θ, deg 54.46 
R1
α (all data) 0.0995 
wR2
b 
(all data) 
0.0870 
R1
a [(I>2σ)] 0.0421 
wR2
b [(I>2σ)] 0.0766 
GOF (F2) 0.886 
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Matching the proton spectrum of pure 19(NEt4) (Figure 4.6 D) with the spectrum of the product 
mixture (Figure 4.6 B) confirms that 19(NEt4) is a major product. In addition to 19(NEt4) and 
pyridine-2-carboxaldehyde, the spectrum of the product mixture contains broad peaks which can be 
attributed to an additional by-product of the reaction, tentatively assigned here as “20(NEt4)”. It is 
hypothesized that “20(NEt4)” is a molybdenum(VI) complex with the fully hydrolyzed imine. A 
possible structure of “20(NEt4)” is given in Figure 4.8; however, it is also possible that “20(NEt4)” is 
a dimer, which may explain its broad NMR signals. The ratio between different reaction products is 
temperature-dependent. The product ratio does not change significantly after ∼48 hours at room 
temperature. In contrast, storing the reaction mixture at −30 °C for seven days leads mostly to the 
formation of compound 19(NEt4), at the expense of pyridine-2-carboxaldehyde and “20(NEt4)”. After 
two weeks, the spectrum contains only compound 19(NEt4) (obtained in 95%). This information, 
supported by DFT calculations (see below) led us to propose a reaction mechanism. Based on the 
reactions of L3 with copper(I) and molybdenum(VI)/tungsten(VI) described above, we postulate 
initial formation of a Mo/Cu heterodinuclear complex “21(NEt4)”, accompanied by the formation of 
water. Next, a nucleophilic molybdenum oxo attacks the electrophilic imino carbon, that is positioned 
close to and activated by coordination to copper(I), to form a molybdenum(VI)–alkoxo and anionic 
amido. We note that the nucleophilic attack of the Mo(VI)–oxo on the Cu-coordinated (electrophilic) 
substrate is consistent with the Mo–Cu CODH computational mechanism recently proposed by Kirk 
and coworkers. The anionic amido is protonated by water, which may remain coordinated directly to 
Mo, or via H-bonds to catechol/amine/oxo functions. The copper(I) is lost, possibly due to amido 
protonation, or due to the induced flexibility of the [NNN] chelate, which enables pyridine 
coordination to Mo(VI). The immediate hydroxylation product, 19(NEt4), exists in the temperature-
dependent equilibrium with “20(NEt4)” and pyridine-2-carboxaldehyde. 
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Figure 4.8. Possible mechanism for the formation of 19, pyridine-2-carboxaldehyde and 
“20” via postulated bimetallic intermediate “21”. 
Is there any evidence for a cooperative bimetallic effect in our system, where the presence of 
copper(I) facilitates hydroxylation? To answer this question, we monitored the CD2Cl2 solution of 
[Mo(L3)O2](NEt4)2 (15(NEt4)2) by 
1H NMR spectroscopy for several days. As noted above, 
CD2Cl2 solution of [Mo(L
3)O2](NEt4)2 undergoes slow decomposition to yield 
[Mo(L3)2O2](NEt4)2 (17(NEt4)2). NMR indicates that after 3 days, approximately 85% of the materials 
consists of 15(NEt4)2 and of 17(NEt4)2. Only traces of pyridine-2-carboxaldehyde and 19(NEt4) are 
observed in 1H NMR spectrum. To better understand the role of copper(I) in this hydroxylation, we 
turned to DFT calculations (see Appendix D for computational details). The computations were 
carried out in collaboration with the group of Prof. Lord at Grand Valley State University. 
Geometry optimization of the hypothetical intermediate 21 resulted in a well-defined 
minimum that has the MoO3 moiety situated above the Cu–iminopyridine plane, as demonstrated 
in Figure 4.9 (top left) and similar to the experimental structure for 13. Nucleophilic attack on 
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the imine by the Mo–oxo group in 21 to form 22 (Figure 4.9, bottom left), the intermediate 
formed prior to water exposure that makes “CuOH” and 19, is calculated to be slightly 
endergonic by 2.5 kcal mol−1. Importantly, the free energy barrier for this nucleophilic attack is 
only slightly higher at 4.6 kcal mol−1. This suggests that nucleophilic attack of the imine when 
Cu(I) is bound in this bimetallic framework should be thermodynamically and kinetically 
accessible, consistent with the proposed mechanism (Figure 4.8). 
 
 
Figure 4.9.  Geometry optimized structures of 21 (top left), 15 (top right), 22 (bottom left), 
and 23 (bottom right). 
To understand the cooperative bimetallic effect, we also investigated nucleophilic attack on the 
imine in Cu(I)-lacking 15. Geometry optimization of 15, despite having an input structure similar to 
that of 13 and 21, results in the aminocatechol arm of the ligand swinging away from the 
iminopyridine (Figure 4.9, top right). One cooperative effect is that coordination of the aminocatechol 
amine to Cu(I) prevents such rotations from taking place in 21. However, given the relatively free 
rotation between the amine and the xanthene backbone, this should not prevent nucleophilic attack of 
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the imine. An analogous product to 22, except with Cu(I) removed, was also optimized (23, Figure 
4.9 bottom right). The structure of 23 is similar to 22 except that pyridine coordinates to Mo(VI) upon 
nucleophilic attack, and this intermediate is much more endergonic at 16.3 kcal mol−1. The free energy 
barrier is also much higher at 25.7 kcal mol−1. There is a clear cooperative energetic effect in addition 
to the structural pre-disposition in 21 vs. 15 toward imine reactivity. To understand the origin of this 
energetic cooperativity, the frontier orbitals of 15 and 21 were analyzed (Figure 4.10). The LUMO in 
both complexes is an iminopyridine π* orbital. Cu(I) coordination stabilizes this orbital by 0.76 eV. 
The relevant donor orbital with Mo–oxo character, the HOMO−2 in both complexes, is only stabilized 
by 0.28 eV because the Cu(I) ion does not directly interact with the Mo–oxo moiety. Thus, the better 
orbital energy matching when Cu(I) is bound (ΔEorb= 1.01 eV) vs. when it is not (ΔEorb = 1.49 eV) 
leads to a stronger nucleophile/electrophile interaction that lowers the energy barrier and 
endergonicity of the nucleophilic attack intermediate. Analogous trends were observed for W(VI) 
containing species (see Appendix D) 
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Figure 4.10. Frontier orbital diagrams for 15 (left) and 21 (right) showing the LUMO and 
HOMO−2 orbitals involved in the nucleophile/electrophile interaction. Bold lines correspond to 
doubly occupied orbitals, while regular lines correspond to unoccupied orbitals. Orbital 
isosurfaces are plotted at 0.05 au. 
Notably, the observed hydroxylation reactivity is also reminiscent of the reactivity of xanthine 
oxidoreductase (XOR). The proposed mechanism of XOR is given in Figure 4.11.70 The reaction is 
initiated by deprotonation of the basal hydroxo 71 to create a nucleophilic basal oxo that is part of the 
[MoVIO2S] active site. The key step is the nucleophilic attack of the basal molybdenum–oxo to form a 
new C–O bond at the C8 position of xanthine, which is followed by a hydride transfer to the MoVI–
sulfido. In our system, a nucleophilic basal MoVI–oxo attacks the electrophilic (imino) carbon to form 
a new C–O bond, which parallels the nucleophilic attack on C8 position in xanthine oxidation. The 
postulated roles of the second metal in Mo–Cu CODH, positioning and activation of the substrate 
towards nucleophilic attack, are played by H-bonding and electrostatic interactions in the active site 
pocket of XOR (not shown in Figure 4.11). The nucleophilic attack and hydride transfer are 
postulated to proceed in one step in the enzymatic mechanism of XOR. Our system demonstrates only 
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the nucleophilic attack because it lacks a suitable hydride acceptor. In our future studies, we will 
investigate the reactivity of our system in the presence of a hydride acceptor, and will also attempt to 
replace the imine with imidazole. 
 
Figure 4.11. Key steps in the mechanism of XOR. 
4.5 Summary and conclusions 
In summary, we reported a new approach toward a functional model of Mo–Cu CODH, where the 
heterobimetallic site is assembled with an aid of heterodinucleating ligand. The ligand shows 
preferential binding of the metals in the designated positions: catecholate binds Mo(VI)/W(VI) trioxo, 
whereas the iminopyridine–amine binds Cu(I). Coordination of both metals triggers reactivity: a 
highly nucleophilic basal Mo(VI)–oxo function attacks electrophilic Cu(I)-coordinated imine. In the 
absence of Cu(I), only traces of hydroxylation products are observed. Thus, this study demonstrates 
cooperative bimetallic reactivity between Mo(VI) and Cu(I), suggesting that Cu(I) (in Mo–Cu CODH) 
may play a role in: (1) bringing the substrate to the vicinity of nucleophilic molybdenum–oxo; (2) 
ensuring the electrophilic character of the CO carbon. The present study also emphasizes the reactive 
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nature of [MoVIOnS3−n] (n = 0, 1) functional group that carries out the nucleophilic attack in both Mo–
Cu CODH and XOR. Our work suggests that the first step in the reaction mechanism (nucleophilic 
attack) is possible without the presence of the bridging/terminal sulfido. It is not clear however 
whether the sulfido (or related redox-active functionality linking the product to Mo) is necessary for 
the electron transfer to Mo. Our future studies will focus on related heterobimetallic complexes which 
may enable (1) full catalytic cycle; (2) reactivity with external substrates. 
4.6 Experimental details 
General methods and procedures. All reactions involving air-sensitive materials were 
carried out in a nitrogen-filled glovebox. 2,7-Di-tert-butyl-9,9-dimethyl-4,5-diaminoxanthene, 
tetrakis(acetonitrile)copper(I) tetrakis(pentafluorophenyl)borate, tetraethylammonium tungstate, 
and tetraethylammonium molybdate were synthesized using previously published procedures.44a, 58 
2,3-Dihydroxybenzaldehyde, sodium borohydride, 2-pyridine carboxaldehyde, and 2,6-
dimethylphenyl isocyanide were purchased from Sigma and used as 
received. Tetrakis(acetonitrile)copper(I) hexafluorophosphate was purchased from Strem and used 
as received. All non-deuterated solvents were purchased from Aldrich and were of HPLC grade. The 
non-deuterated solvents were purified using an MBraun solvent purification sy52 stem. 
Dichloromethane-d2 and acetonitrile-d3 were purchased from Cambridge Isotope Laboratories. All 
solvents were stored over 3 Å molecular sieves. Compounds were generally characterized by 1H 
and 13C NMR spectroscopy, high-resolution mass spectrometry, and elemental analysis. Selected 
compounds were characterized by X-ray crystallography, IR spectroscopy, and UV-vis spectroscopy. 
NMR spectra of the ligands and metal complexes were recorded at the Lumigen Instrument Center 
(Wayne State University) on an Agilent DD2-600 MHz Spectrometer, a Varian VNMRS-500 MHz 
Spectrometer and an Agilent 400 MHz Spectrometer in CD2Cl2 at room temperature or CD3CN at 
84 
 
 
various temperatures (room temperature to 50 °C). Chemical shifts and coupling constants (J) were 
reported in parts per million (δ) and Hertz respectively. Detailed assignments of the signals in 1H 
NMR are given in the Appendix D. X-ray structures were collected using Bruker Apex2 at the 
Lumigen Instrument Centre (Wayne State University). High-resolution mass spectra of the metal 
complexes (unless otherwise stated) were collected at the Lumigen Instrument Centre (Wayne State 
University) on a Thermofisher Scientific LTQ Orbittrap XL mass spectrometer. The MS survey 
scan was set from 200 – 2000. The resolution was set to 60000. In all cases, only one microscan 
was used in the analysis. HRMS for ligands and 16(NEt4)2 were run using a LCT Premier XE 
with a range of 200 – 2000 scans. Leucine Enkephalin was used as a lockmass. IR spectra of 
powdered samples were recorded on a Shimadzu IR Affinity-1 FT-IR Spectrometer outfitted 
with a MIRacle10 attenuated total reflectance accessory with a monolithic diamond crystal stage 
and pressure clamp. UV-visible spectra were obtained on a Shimadzu UV-1800 spectrometer. 
Elemental analysis was performed under ambient air-free conditions by Midwest Microlab LLC. 
X-ray crystallographic details. Structures of complexes 13(PF6), 18(NEt4)2, and 
19(NEt4) were confirmed by X-ray structure determination. The crystals were mounted on a 
Bruker APEXII/Kappa three circle goniometer platform diffractometer equipped with an APEX-
2 detector. A graphic monochromator was employed for wavelength selection of the Mo Kα 
radiation (λ = 0.71073 Å). The data were processed and refined using the APEX2 software. 
Structures were solved by direct methods in SHELXS and refined by standard difference Fourier 
techniques in the SHELXTL program suite (6.10 v., Sheldrick G. M., and Siemens Industrial 
Automation, 2000). Hydrogen atoms were placed in calculated positions using the standard 
riding model and refined isotropically; all other atoms were refined anisotropically. The structure 
of 13(PF6) co-crystallized with two diethyl ether molecules, one of which occupies a special 
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position, which results in half occupancy per asymmetric unit. Both molecules were fully 
refined. The structure of 19(NEt4) co-crystallized with two dichloromethane molecules which 
were also fully refined. In the structure of 18(NEt4)2, the complex itself occupies a special 
position, resulting in half of the complex and one tetraethylammonium counter-ion comprising 
the asymmetric unit. Tetraethylammonium was found to be disordered over two (nearly 
overlapping) conformations. Our attempts to refine disordered tetraethylammonium 
anisotropically (with attached hydrogens) were met with only limited success, resulting in larger 
than usual Atomic Displacement Parameter (ADP) values (B-level alerts in a cif file), and short 
contacts between hydrogen atoms (A-level alerts).  
Synthesis and characterization of L3 and compounds 12–19 
Preparation of 12. A 200 mL solution of 2,3-dihydroxybenzaldehyde (0.391 g, 2.83 
mmol, 1.0 equiv.) in ethanol was added slowly to a stirring 800 mL solution of 2,7-di-tert-butyl-
9,9-dimethyl-9H-xanthene-4,5-diamine (1.00 g, 2.83 mmol, 1.0 equiv.) in ethanol. The reaction 
mixture was stirred for 24 hours, after which it was cooled to 0 °C. Sodium borohydride (0.118 
g, 3.12 mmol, 1.1 equiv.) was then added portionwise and the reaction was stirred for 40 minutes 
at 0 °C. The solvent was evaporated and the residue taken up in diethyl ether (15 mL) and 
saturated brine solution (15 mL). The organic layer was separated and the aqueous layer 
extracted with diethyl ether (2 x 15 mL). The combined organic extracts were dried with NaSO4, 
filtered and evaporated. The compound was purified by recrystallization from a minimal amount 
of cyclohexane (approximately 3-4 mL). The obtained pale orange precipitate was washed with 
cyclohexane until washings were colorless. 12 was obtained in 63% yield. (0.849 g, 1.79 mmol). 
1H NMR (CD2Cl2, 600 MHz) δ 9.4 (v br s, 2H, catechol-OH), 7.03 (d, 4JHH = 2.2 Hz, 1H, para-H 
on N-substituted xanthene side), 6.86 (d, 4JHH = 2.2 Hz, 1H, ortho-H on N-substituted xanthene 
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side), 6.85 (dd, 3JHH = 7.8 Hz, 
4JHH = 1.8 Hz, 1H, 6-H on catechol), 6.83 (d, 
4JHH = 2.2 Hz, 1H, 
para-H on unsubstituted xanthene side), 6.80 (t, 3JHH = 7.7 Hz, 1H, 5-H on catechol), 6.76 (dd, 
3JHH = 7.7 Hz, 
4JHH = 1.5 Hz, 1H, 4-H on catechol), 6.69 (d, 
4JHH = 2.2 Hz, 1H, ortho-H on 
unsubstituted xanthene side), 5.63 (br s, 1H, amine-H on N-substituted xanthene side), 4.52 (s, 
2H, benzyl-H), 3.89 (br s, 2H, amine-H on unsubstituted xanthene side), 1.61 (s, 6H, methyl-H), 
1.29 (s, 9H, tert-butyl-H on N-substituted xanthene side), 1.25 (s, 9H, tert-butyl-H on 
unsubstituted xanthene side); 13C{1H} NMR (CD2Cl2, 150 MHz) δ 146.62, 146.25, 145.57, 
144.53, 138.92, 136.54, 134.71, 134.52, 129.99, 129.94, 124.05, 120.74, 119.98, 115.74, 114.53, 
112.65, 112.10, 111.53, 49.93, 35.12, 35.08, 34.86, 32.57, 31.77, 31.71. ESI-MS Calcd for 
[12+H]+:  475.2955 Found:  475.2961. 
Preparation of L3. A 2 mL solution of 2-pyridine carboxaldehyde (0.2 mL, 2.10 mmol, 
1.0 equiv.) in methanol was added dropwise to a stirring 40 mL solution of 12 (1 g, 2.11 mmol, 
1.0 equiv.) in methanol. The reaction mixture was stirred for 30 minutes. The solvent was 
evaporated. The resulting solid was dissolved in a minimum amount of hexanes and left in the 
freezer (- 4 ᴼC) for 48 hours to afford L3 as bright yellow beads (0.974 g, 1.73 mmol, 82%). 1H 
NMR (CD2Cl2, 600 MHz) δ 9.05 (br s, 1H, catechol-OH), 8.70 (s, 1H, imine-H), 8.64 (d, 3JHH = 
4.0 Hz, 1H, α-H on pyridine), 7.98 (d, 3JHH = 8.1 Hz, 1H, β’-H on pyridine), 7.68 (t, 3JHH = 7.3 
Hz, 1H, γ-H on pyridine), 7.36 (d, 4JHH = 1.8 Hz, 1H, ortho-H on pyridinyl xanthene side), 7.36 
(t, 3JHH = 4.8 Hz, 1H, β-H on pyridine), 7.07 (d, 4JHH = 1.8 Hz, 1H, para-H on pyridinyl xanthene 
side), 6.97 (d, 4JHH = 1.8 Hz, 1H, para-H on catechol xanthene side), 6.87 (d, 
4JHH = 1.8 Hz, 1H, 
ortho-H on catechol xanthene side), 6.85 (d, 3JHH = 8.1 Hz, 1H, 6-H on catechol), 6.75 (t, 
3JHH = 
7.7 Hz, 1H, 5-H on catechol), 6.71 (d, 3JHH = 7.7 Hz, 1H, 4-H on catechol), 6.09 (br s, 1H, 
catechol-OH), 4.87 (br s, 1H, amine-H), 4.45 (s, 2H, benzyl-H), 1.65 (s, 6H, methyl-H), 1.36 (s, 
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9H, tert-butyl-H on pyridinyl xanthene side), 1.29 (s, 9H, tert-butyl-H on catechol xanthene 
side); 13C{1H} NMR (CD2Cl2, 150 MHz) δ 162.46, 154.97, 150.04, 146.68, 146.65, 145.92, 
144.14, 141.79, 139.05, 138.69, 137.57, 135.71, 131.62, 129.91, 125.86, 124.99, 122.04, 121.31, 
120.69, 120.44, 115.82, 114.80, 113.79, 110.78, 48.89, 35.59, 35.20, 35.19, 31.87, 31.82, 31.80. 
Anal. Calcd for C36H41N3O3: C, 76.70; H, 7.33; N, 7.45. Found: C, 76.25; H, 7.57; N, 6.78. ESI-
MS Calcd for [L3+H]+:  564.3221 Found: 564.3226. 
Preparation of 13(PF6). A 2 mL solution of tetrakis(acetonitrile)copper(I) 
hexafluorophosphate [Cu(NCMe)4](PF6) (20 mg,  0.054 mmol, 1.0 equiv.) in acetonitrile and a  2 
mL solution of  L3 (30.25 mg, 0.054 mmol, 1.0 equiv.) in THF were prepared and cooled to -33 
°C. The solution of cold L3 was then added dropwise to a stirring solution of cold 
[Cu(NCMe)4](PF6), producing a red-brown solution. The reaction mixture was stirred for 30 
minutes, upon which the volatiles were removed in vacuo. The product was obtained as a red-
brown solid. This solid was purified by recrystallization from THF/diethyl ether, which yielded 
red-brown crystals of 13(PF6) (39.4 mg, 0.051 mmol, 94%). 1H NMR (CD2Cl2, 500 MHz) δ 8.92 
(s, 1H, imine-H), 8.04 (t, 3JHH = 6.6 Hz, 1H, γ-H on pyridine), 7.77 (d, 3JHH = 6.6 Hz, 1H, β’-H 
on pyridine) 7.61 (br s, 1H, β-H on pyridine), 7.54 (m, 2H, α-H on pyridine and ortho-H on 
pyridinyl xanthene side), 7.45 (s, 1H, para-H on pyridinyl xanthene side), 7.42 (s, 1H, para-H on 
catechol xanthene side), 7.33 (s, 1H, ortho-H on catechol xanthene side), 6.97 (d, 3JHH = 6.4 Hz, 
1H, 6-H on catechol), 6.80 (d, 3JHH = 6.4 Hz, 1H, 4-H on catechol), 6.58 (t, 
3JHH = 7.7 Hz, 1H, 5-
H on catechol), 6.23 (br s, 2H, catechol-OH), 5.87 (br s, 1H, amine-H), 4.44 (s, 2H, benzyl-H), 
1.75 (s, 6H, methyl-H), 1.39 (s, 9H, tert-butyl-H on pyridinyl xanthene side), 1.36 (s, 9H, tert-
butyl-H on catechol xanthene side); 13C{1H} NMR (CD2Cl2, 125 MHz) δ 154.93, 151.63, 
150.49, 148.81, 147.80, 147.46, 146.38, 144.24, 140.35, 137.48, 136.76, 136.30, 134.00, 133.31, 
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129.48, 128.16, 123.67, 123.22, 122.92, 121.36, 120.36, 119.43, 117.35, 113.10, 57.35, 38.14, 
35.66, 35.47, 31.78, 31.67, 27.45. Anal. Calcd for C36H41CuF6N3O3P: C, 55.99; H, 5.35; N, 5.44. 
Found: C, 55.42H, 5.23; N, 5.24. ESI-MS Calcd for [13]+: 626.2438 Found: 626.2446. 
Preparation of 13(B(C6F5)4). A 2 mL solution of tetrakis(acetonitrile)copper(I) 
tetrakis(pentafluorophenyl)borate [Cu(NCMe)4][B(C6F5)4] ( 32.1 mg,  0.035 mmol, 1.0 equiv.) in 
diethyl ether and a  2 mL solution of  L3 (20 mg,  0.035 mmol, 1.0 equiv.) in THF were prepared 
and cooled to -33 °C. The solution of cold L3 was then added dropwise to a stirring solution of 
cold [Cu(NCMe)4][B(C6F5)4] producing a red brown solution. The reaction mixture was stirred 
for 30 minutes, upon which the volatiles were removed in vacuo. The product was obtained as a 
red-brown solid (44.2mg, 0.033 mmol, 94%). 1H NMR (CD2Cl2, 400 MHz) δ 8.91 (s, 1H, imine-
H), 8.06 (td, 3JHH = 7.8 Hz, 
4JHH = 1.5 Hz, 1H, γ-H on pyridine), 7.78 (d, 3JHH = 7.8 Hz, 1H, β’-
H on pyridine), 7.59 (d, 4JHH = 2.0 Hz, 1H, ortho-H on pyridinyl xanthene side), 7.59 (br s, 1H, 
α-H on pyridine), 7.52 (t, 3JHH = 6.2 Hz, 1H, β-H on pyridine), 7.45 (s, 1H, para-H on pyridinyl 
xanthene side), 7.44 (s, 1H, para-H on catechol xanthene side), 7.29 (s, 1H, ortho-H on catechol 
xanthene side), 6.92 (dd, 3JHH = 7.8, 
4JHH = 1.0 Hz, 1H, 6-H on catechol), 6.83 (d, 
3JHH = 7.8 Hz, 
1H, 4-H on catechol), 6.65 (t, 3JHH = 7.8 Hz, 1H, 5-H on catechol), 6.31 (br s, 1H, catechol-OH), 
6.01 (br s, 1H, amine-H), 5.75 (br s, 1H, catechol-OH), 4.49 (s, 2H, benzyl-H), 1.76 (s, 6H, 
methyl-H), 1.40 (s, 9H, tert-butyl-H on pyridinyl xanthene side), 1.36 (s, 9H, tert-butyl-H on 
catechol xanthene side). 13C{1H} NMR (CD2Cl2, 100 MHz) δ 151.37, 150.81, 149.89, 148.88, 
147.50, 144.28, 143.69, 140.45, 138.08, 135.62, 133.71, 133.26, 128.99, 128.20, 123.75, 123.60, 
123.36, 121.34, 120.37, 119.03, 116.62, 113.24, 112.02, 56.91, 38.02, 35.62, 35.44, 31.74, 31.71, 
27.67. Anal. Calcd for C61H44BCuF20N3O3: C,55.17; H, 3.16; N, 3.22. Found: C, 54.86; H, 3.72; 
N, 3.03. ESI-MS Calcd for [13]+: 626.2438 Found: 626.2438. 
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Preparation of 14(B(C6F5)4). A 1 mL solution of 2,6-dimethylphenyl isocyanide (2.48 
mg, 0.019 mmol, 1.0 equiv.) in THF was added dropwise to a stirring 2 mL solution of complex 
13(B(C6F5)4) (25 mg, 0.019 mmol, 1.0 equiv.) in diethyl ether producing an orange-red solution. 
The reaction mixture was stirred for 30 minutes, upon which the volatiles were removed in 
vacuo. The product was obtained as a red orange solid (26.2mg, 0.018 mmol, 95 %). 1H NMR 
(CD2Cl2, 600 MHz) δ 8.81 (s, 1H, imine-H), 8.59 (br s, 1H, α-H on pyridine), 8.10 (t, 3JHH = 7.6 
Hz, 1H, γ-H on pyridine), 7.73 (br s, 2H, β-H on pyridine and β’-H on pyridine), 7.57 (d, 4JHH = 
2.2 Hz, 1H, ortho-H on pyridinyl xanthene side), 7.30 (t, 3JHH = 7.5 Hz, 2H, para-H on 
isocyanide and para-H on pyridinyl xanthene side), 7.14 (d, 3JHH = 7.7 Hz, 3H, meta-H on 
isocyanide and para-H on catechol xanthene side), 6.90 (s, 1H, ortho-H on catechol xanthene 
side), 6.80 (d, 3JHH = 8.1 Hz, 1H, 6-H on catechol), 6.69 (t, 
3JHH = 7.9 Hz, 1H, 5-H on catechol), 
6.66 (d, 3JHH = 7.7 Hz, 1H, 4-H on catechol), 4.37 (s, 2H, benzyl-H), 2.27 (s, 6H, methyl-H on 
isocyanide), 1.71 (s, 6H, methyl-H), 1.36 (s, 9H, tert-butyl-H on pyridinyl xanthene side), 1.31 
(s, 9H, tert-butyl-H on catechol xanthene side); 13C{1H} NMR (CD2Cl2, 150 MHz) δ 162.82, 
151.98, 150.51, 149.57, 148.09, 148.00, 147.73, 145.01, 143.79, 141.59, 139.67, 138.45, 138.04, 
137.73, 136.31, 135.12, 134.47, 132.61, 131.24, 130.11, 128.91, 128.36, 125.62, 124.81, 123.89, 
121.20, 120.92, 118.57, 115.98, 115.50, 112.39, 49.14, 35.67, 35.35, 35.33, 32.51, 31.76, 31.65, 
18.86. IR (cm-1, selected peaks): 2360.87 (m), 2337.32 (w), 2144.84 (w). Anal. Calcd for 
C69H50BCuF20N4O3*H2O: C, 56.94; H, 3.60; N, 3.85. Found: C, 56.70; H, 3.61; N, 3.68.  
Preparation of 15(NEt4)2.  A 3 mL solution of tetraethylammonium molybdate 
[MoO4](Et4N)2 (20 mg, 0.048 mmol, 1.0 equiv.) in acetonitrile and a 3 mL solution of L3 (26.5 
mg,  0.047 mmol, 1.0 equiv.) in THF were prepared and cooled to -33 °C. The solution of cold 
L3 was then added dropwise to a stirring solution of cold [MoO4](NEt4)2 over 30 minutes 
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producing a yellow solution. The reaction mixture was stirred for 15 minutes, after which the 
volatiles were removed in vacuo. The resulting yellow solid was washed with diethyl ether, 
extracted with THF and filtered. The crude product precipitates from THF solution at room 
temperature as a dark yellow solid. The crude product was purified by recrystallization (vapor 
diffusion) from THF/CH3CN mixture (4:1) and diethyl ether, which yielded dark yellow needle-
like crystals of 15(NEt4)2 (30.9 mg, 0.032 mmol, 68%). 1H NMR (CD2Cl2, 600 MHz) δ 8.61 (m, 
2H, imine-H and α-H on pyridine), 7.84 (m, 2H, β’-H and γ-H on pyridine), 7.37 (m, 2H, β-H 
on pyridine and ortho-H on pyridinyl xanthene side), 7.05 (s, 1H, para-H on pyridinyl xanthene 
side), 6.78 (s, 1H, para-H on catechol xanthene side), 6.75 (s, 1H, ortho-H on catechol xanthene 
side), 6.47 (m, 2H, 4-H and 6-H on catechol), 6.26 (t, 3JHH = 7.3 Hz, 1H, 5-H on catechol), 4.49 
(br s, 1H, amine-H), 4.30 (d, 3JHH = 4.0 Hz, 2H, benzyl-H), 3.12 (q, 
3JHH = 6.8 Hz, 16H, 
methylene-H on tetraethylammonium), 1.63 (s, 6H, methyl-H), 1.35 (s, 9H, tert-butyl-H on 
pyridinyl xanthene side), 1.34 (s, 9H, tert-butyl-H on catechol xanthene side), 1.07 (t, 3JHH = 6.4 
Hz, 24H, methyl-H on tetraethylammonium); 13C{1H} NMR (CD2Cl2, 150 MHz) δ 161.69, 
159.84, 158.06, 155.03, 149.81, 146.98, 146.31, 142.54, 138.96, 138.48, 137.78, 136.05, 131.43, 
128.58, 125.68, 122.07, 121.56, 120.50, 115.10, 114.82, 114.38, 110.80, 109.35, 106.47, 52.86, 
42.97, 35.31, 35.25, 35.18, 32.13, 32.00, 31.78, 7.89.Anal. Calcd for C52H79MoN5O6*H2O: C, 
63.46; H, 8.30; N, 7.12. Found: C, 63.25; H, 8.19; N, 7.11. ESI-MS Calcd for [15+H]-: 708.1977 
Found:708.1967. 
Preparation of 16(NEt4)2. A 3 mL solution of tetraethylammonium tungstate 
[WO4](Et4N)2 (20 mg, 0.039 mmol, 1.0 equiv.) in acetonitrile and a 3 mL solution of L3 (22 mg,  
0.0039 mmol, 1.0 equiv.) in THF were prepared and cooled to -33 °C. The solution of cold L3 
was then added slowly dropwise to a stirred solution of cold [WO4](NEt4)2 over 30 minutes 
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producing a yellow solution. The reaction mixture was stirred for 15 minutes, after which the 
volatiles were removed in vacuo. The resulting yellow solid was washed with diethyl ether, 
extracted with THF and filtered. The crude product precipitates from THF solution at room 
temperature as a light yellow solid. The crude product was purified by recrystallization (vapor 
diffusion) from THF/CH3CN mixture (4:1) and diethyl ether, which yielded light yellow needle-
like crystals of 16(NEt4)2 (26.7 mg, 0.025 mmol, 64%). 1H NMR (CD2Cl2, 600 MHz) δ 8.62 (m, 
2H, imine-H and α-H on pyridine), 7.82 (m, 2H, β’-H and γ-H on pyridine), 7.37 (m, 2H, β-H 
on pyridine and ortho-H on pyridinyl xanthene side), 7.06 (d, 4JHH = 2.2 Hz, 1H, para-H on 
pyridinyl xanthene side), 6.78 (d, 4JHH = 2.2 Hz, 1H, para-H on catechol xanthene side), 6.76 (d, 
4JHH = 2.2 Hz, 1H, ortho-H on catechol xanthene side), 6.52 (m, 2H, 4-H and 6-H on catechol), 
6.32 (t, 3JHH = 7.6 Hz, 1H, 5-H on catechol), 4.49 (t, 
3JHH = 4.8 Hz, 1H, amine-H), 4.32 (d, 
3JHH 
= 4.8 Hz, 2H, benzyl-H), 3.22 (q, 3JHH = 7.3 Hz, 16H, methylene-H on tetraethylammonium), 
1.64 (s, 6H, methyl-H), 1.36 (s, 9H, tert-butyl-H on pyridinyl xanthene side), 1.34 (s, 9H, tert-
butyl-H on catechol xanthene side), 1.14 (t, 3JHH = 7.3 Hz, 24H, methyl-H on 
tetraethylammonium); 13C{1H} NMR (CD2Cl2, 150 MHz) δ 161.72, 159.46, 157.82, 155.05, 
149.82, 146.99, 146.34, 142.49, 138.97, 138.37, 137.70, 136.08, 131.43, 128.64, 125.66, 121.98, 
121.90, 121.54, 116.07, 115.70, 114.41, 112.12, 109.51, 106.48, 52.97, 42.86, 35.33, 35.25, 
35.16, 32.14, 31.99, 31.78, 7.96. Anal. Calcd for C52H79WN5O6*H2O: C, 58.26; H, 7.62; N, 6.53. 
Found: C, 57.68; H, 7.43; N, 6.60.  ESI-MS Calcd for [16+H]-: 794.2432 Found: 794.2399 
Preparation of Complex 17(NEt4)2. A 1.5 mL solution of tetraethyl ammonium 
molybdate [MoO4](NEt4)2 (10 mg,  0.024 mmol, 1.0 equiv.) in acetonitrile was added dropwise 
to a stirring 1 mL solution of L3 (26.5mg, 0.047 mmol, 2.0 equiv.) in THF producing a deep 
orange solution. The reaction mixture was stirred for 1 hour, upon which the volatiles were 
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removed in vacuo. The product was obtained as an orange solid. This solid was purified by 
recrystallization from acetonitrile at room temperature (25.7 mg, 0.017 mmol, 71%). 1H NMR 
(CD2Cl2, 600 MHz) δ 8.60 (m, 2H, imine-H and α-H on pyridine), 7.83 (m, 2H, β’-H and γ-H on 
pyridine), 7.34 (m, 2H, β-H on pyridine and ortho-H on pyridinyl xanthene side), 7.05 (s, 1H, 
para-H on pyridinyl xanthene side), 6.70 (m, 2H, para-H and ortho-H on catechol xanthene 
side), 6.46 (br s, 1H, 6-H on catechol), 6.32 (m, 2H, 4-H and 5-H on catechol), 4.51 (br s, 1H, 
amine-H), 4.25 (br s, 2H, benzyl-H), 2.94 (q, 3JHH = 7.2 Hz, 8H, methylene-H on 
tetraethylammonium), 1.61 (s, 6H, methyl-H), 1.34 (s, 9H, tert-butyl-H on pyridinyl xanthene 
side), 1.28 (s, 9H, tert-butyl-H on catechol xanthene side), 0.93 (t, 3JHH = 7.2 Hz, 12H, methyl-H 
on tetraethylammonium); 13C{1H} NMR (CD2Cl2, 150 MHz) δ 161.73, 155.04, 149.74, 146.96, 
146.30, 142.54, 139.02, 138.60, 137.71, 136.07, 131.37, 128.60, 125.70, 122.17, 121.38, 114.40, 
111.43, 109.27, 106.33, 52.96, 43.10, 35.35, 35.23, 35.19, 32.36, 32.00, 31.81, 7.80. Anal. Calcd 
for C88H11118N8O8Mo: C, 69.91; H, 7.87; N, 7.41. Found: C, 69.75; H, 7.89; N, 7.47. ESI-MS 
Calcd for [17+H]-: 1253.5019 Found: 1253.5016 
Preparation of Complex 18(NEt4)2. A 1.5 mL solution of tetraethyl ammonium 
tungstate [WO4](NEt4)2 (10 mg, 0.019 mmol, 1.0 equiv.) in acetonitrile was added dropwise to a 
stirring 1 mL solution of L3 (22 mg, 0.039 mmol, 2.0 equiv.) in THF producing yellow solution. 
The reaction mixture was stirred for 1 hour, upon which the volatiles were removed in vacuo. 
The product was obtained as a yellow solid This solid was purified by recrystallization from 
acetonitrile at room temperature. (22 mg,   0.013 mmol,  70%).1H NMR (CD3CN, 500 MHz, 50 
°C) δ 8.61 (br s, 2H, imine-H and α-H on pyridine), 7.94 br s, 2H, β’-H and γ-H on pyridine), 
7.43 (s, 1H, ortho-H on pyridinyl xanthene side), 7.37 (br s, 1H, β-H on pyridine), 7.11 (s, 1H, 
para-H on pyridinyl xanthene side), 6.78 (br s, 2H, para-H and ortho-H on catechol xanthene 
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side), 6.38 (br s, 1H, 6-H on catechol), 6.23 (br s, 1H, 4-H on catechol), 6.12 (br s, 1H, 5-H on 
catechol), 4.46 (br s, 1H, amine-H), 4.23 (br s, 2H, benzyl-H), 3.10 (q, 3JHH = 7.1 Hz, 8H, 
methylene-H on tetraethylammonium), 1.65 (s, 6H, methyl-H), 1.37 (s, 9H, tert-butyl-H on 
pyridinyl xanthene side), 1.32 (br s, 9H, tert-butyl-H on catechol xanthene side), 1.10 (tt, 3JHH = 
7.2 Hz, 2JHH = 1.5 Hz, 12H, methyl-H on tetraethylammonium). ESI-MS Calcd for [18+H]
-:  
1339.5474 Found: 1339.5453. 
Preparation of Complex 19(NEt4). A 0.5 mL solution of 13(PF6) (18.4 mg, 0.024 
mmol, 1.0 equiv.) in dichloromethane and a 1 mL solution of tetraethyl ammonium molybdate  
[MoO4](NEt4)2 ( 10 mg,  0.024 mmol, 1.0 equiv.) in dichloromethane were prepared and cooled 
to -33 °C. The solution of cold 13(PF6) was then added dropwise to a stirring solution of chilled 
[MoO4](NEt4)2 producing a red brown solution. The reaction mixture was stirred at room 
temperature and monitored by NMR spectroscopy. After 45 h, the reaction mixture was 
concentrated in vacuo to about half of the volume and left at -33 °C for 2 weeks. After 2 weeks, 
no by-products were observed by 1H NMR. The volatiles were removed in vacuo. The product 
was washed with diethyl ether, extracted with THF, filtered and dried in vacuo, to obtain 
spectroscopically pure 19(NEt4) as a dark brown yellow solid (18.9 mg, 0.22 mmol, 95%). X-ray 
quality crystals were obtained by recrystallization in dichloromethane at -33 °C, which yielded 
dark yellow crystals of 19(NEt4). 1H NMR (CD2Cl2, 600 MHz) δ 8.56 (d, 3JHH = 5.1 Hz, 1H, α-
H on pyridine), 7.85 (t, 3JHH = 7.3 Hz, 1H, γ-H on pyridine), 7.70 (d, 3JHH = 7.7 Hz, 1H, β’-H on 
pyridine), 7.37 (t, 3JHH = 6.4 Hz, 1H, β-H on pyridine), 7.16 (d, 3JHH = 11.4 Hz, 1H, benzyl-H on 
pyridinyl xanthene side), 7.11 (s, 1H, para-H on pyridinyl xanthene side), 6.89 (d, 4JHH = 1.1 Hz, 
1H, ortho-H on pyridinyl xanthene side), 6.82 (d, 4JHH = 1.8 Hz, 1H, para-H on catechol 
xanthene side), 6.70 (d, 3JHH = 7.7 Hz, 1H, 6-H on catechol), 6.67 (d, 
4JHH = 1.1 Hz, 1H, ortho-H 
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on catechol xanthene side), 6.50 (d, 3JHH = 7.3 Hz, 1H, 4-H on catechol), 6.40 (m, 2H, 5-H on 
catechol and benzyl-H on catechol xanthene side), 5.73 (d, 3JHH = 11.7 Hz, 1H, aniline-H on 
pyridinyl xanthene side), 4.23 (m, 1H, aniline-H on catechol xanthene side), 4.10 (d, 3JHH = 12.8 
Hz, 1H, benzyl-H on catechol xanthene side), 3.04 (q, 3JHH = 7.0 Hz, 8H, methylene-H on 
tetraethylammonium), 1.74 (s, 3H, methyl-H), 1.41 (s, 3H, methyl-H), 1.37 (s, 9H, tert-butyl-H 
on pyridinyl xanthene side), 1.33 (s, 9H, tert-butyl-H on catechol xanthene side), 1.12 (t, 3JHH = 
7.0 Hz, 12H, methyl-H on tetraethylammonium); 13C{1H} NMR (CD2Cl2, 150 MHz) δ 161.99, 
158.66, 158.49, 147.03, 146.79, 146.60, 139.33, 138.23, 138.03, 134.81, 130.90, 130.15, 124.82, 
122.39, 120.76, 120.25, 114.82, 112.50, 111.48, 110.45, 108.47, 107.55, 88.83, 52.83, 50.65, 
35.77, 35.33, 35.25, 34.17, 32.07, 31.99, 7.69. ESI-MS Calcd for [19+H]-: 708.1977 Found: 
708.1968 
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CHAPTER 5: SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS 
There is a growing interest in the synthesis and reactivity of dinuclear metal complexes 
due to the cooperative reactivity between the two metal centers. This bimetallic cooperativity is 
seen in many different areas in chemistry. The primary goals in this dissertation were to study 
bimetallic cooperativity in chemical catalysis; firstly, in lactide polymerization (chapter 2 and 3) 
and secondly, to mimic the bimetallic cooperativity observed in the enzyme active site of Mo-Cu 
CODH (chapter 4). 
The development of efficient catalysts for lactide polymerization remains an important 
hurdle in the industry of biopolymers. When considering a catalyst, important elements that 
characterize lactide polymerization are the activity of the catalyst and its ability to produce well-
defined polymers, featuring relatively narrow molecular weight distribution. However, the most 
important feature of polymerization is stereoselectivity of the catalyst, or its ability to produce 
tactic polymers from a racemic monomer.  
In our endeavors to make bimetallic catalysts for lactide polymerization, our first step 
was to synthesize main group alkoxide precursors to use in bimetallic systems. In chapter 2, we 
demonstrated the synthesis and characterization of three new main group bis(alkoxide) complexes 
featuring a bulky alkoxide [OCtBu2Ph]. Both ZnCl2 and InCl3 with LiOR formed “ate” complexes 
Zn(Cl)(μ2-OR)2Li(THF) and In(OR)2(μ2-Cl)2Li(THF)2. The reaction of the in-situ formed 
“Zn(OR)2” from Zn(Cl)(μ2-OR)2Li(THF) was discussed in chapter 3. One of the most interesting 
products of this chapter was the magnesium bis(alkoxide) complexes, whose reactivity will be 
interrogated by our group in the future. 
Working towards the goal of bimetallic catalysis, we designed a dinucleating ligand that 
can support different coordination chemistries of zinc with various mononuclear precursors, 
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leading to mononuclear (with zinc alkoxide), syn-dinuclear (with diethyl zinc), or anti-dinuclear 
(with zinc chloride) complexes (chapter 3). The dinuclear diethyl zinc complex was successful as 
a pre-catalyst, which carried out lactide polymerization with benzyl alcohol as a co-catalyst. 
Room-temperature polymerization in dichloromethane led to heterotactically-inclined 
polylactides (Pr=0.67) with relatively narrow MWD (PDI ≤ 1.23), suggesting well-controlled 
polymerization under these conditions. Polymerization experiments in toluene, carried out at 70 
°C, demonstrated higher activity, but led to higher PDI values and diminished heterotacticity 
(Pr = 0.58).  
These results were comparable to the tacticity of recent examples mentioned in this 
dissertation. The dinuclear indium halide complex by Mehrkhodavandi and coworkers gave 
atactic PLA (Pr=0.52). The dinuclear aluminium complex by Kirillov and coworkers gave atactic 
PLA (Pr=0.52). One of the main limitations in the aforementioned systems, was lack of tacticity 
in the resulting polymers, since tactic polymers are generally synthesized using chiral catalysts. 
Thus, the future goal in this project is to synthesis new stereoselective catalysts featuring chiral 
alkoxides and compare their reactivity with related achiral complexes in order to improve 
tacticity. We will also study the reactivity of these and related systems in polymerization of 
epoxides and copolymerization of epoxides with CO2. 
In our attempts to model the active site of Mo-Cu CODH, we introduced a new hetero-
dinucleating ligand in order to synthesize a functional model of Mo–Cu CODH. (chapter 4). The 
ligand showed the anticipated site-selective incorporation of Cu(I) at the iminopyridine–amine site 
and Mo(VI) at the catecholate chelating site. The combination of the two metals triggers an 
oxidation reactivity, in which a nucleophilic Mo(VI) trioxo attacks electrophilic Cu(I)-coordinated 
imine. This demonstrates cooperative reactivity in the heterobimetallic Mo/Cu system, where Cu 
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plays structural/electronic role in the activation of the imino function towards hydroxylation. 
This observed hydroxylation reactivity is consistent with the postulated first step of Mo-Cu 
CODH (nucleophilic attack of the Mo(VI)-oxo on the Cu(I)-bound electrophilic CO) and 
Xanthine Oxidoreductase (nucleophilic attack of Mo(VI)-oxo on electrophilic xanthene carbon). 
Several important conclusions can be derived from this research. (1) Cu(I) (in Mo–Cu CODH) 
plays a role in: (a) bringing the substrate to the vicinity of nucleophilic molybdenum–oxo; (b) 
ensuring the electrophilic character of the CO carbon. (2) The first step in the reaction mechanism 
(nucleophilic attack) is possible without the presence of the bridging/terminal sulfido.  
Even though we have successfully provided some insight into the understanding of the roles 
of the metals in the enzyme active site, one major pitfall in our ligand design is the presence of a 
reactive imino functionality that limited its ability to react with external substrates. Our future 
studies will focus on related heterobimetallic complexes with modified ligands that are more likely 
to enable (1) full catalytic cycle; (2) oxidation reactivity of external substrates (CO/CNR). 
Stoichiometric CO oxidation reactivity with the modified heterobimetallic complexes will be 
carried out and will be compared with the stoichiometric CO reactivity of the related 
mononuclear complexes. 
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APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 2 
 
 
Figure B1.  1H NMR of 1 (C6D6, 400 MHz). 
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Figure B2. 13C NMR of 1 (C6D6, 100 MHz). 
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Figure B3. 1H NMR of 2 (C6D6, 400 MHz). 
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Figure B4. 13C NMR of 2 (C6D6, 100 MHz). 
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Figure B5. 1H NMR of 3 (C6D6, 400 MHz). 
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Figure B6. 13C NMR of 3 (C6D6, 100 MHz). 
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APPENDIX C: SUPPLEMENTARY MATERIAL FOR CHAPTER 3 
1. Structure of complex 10 
 
 
Figure C1. X-ray structure of 10, 50% probability ellipsoids.  
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2. NMR spectra 
 
Figure C2.  1H NMR of L1 (C6D6, 400 MHz). 
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Figure C3. 13C NMR of L1 (C6D6, 100 MHz). 
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Figure C4. TOCSY NMR of L1 (C6D6, 400 MHz) – Aromatic Region. 
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Figure C5. TOCSY NMR of L1 (C6D6, 400 MHz) – Aromatic Region (Zoomed). 
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Figure C6. TOCSY NMR of L1 (C6D6, 400 MHz) – Aromatic/Aliphatic. 
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Figure C7. 1H NMR of 4•HOR (C6D6, 400 MHz).  
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Figure C8. 13C NMR of 4•HOR (C6D6, 100 MHz). 
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Figure C9. TOCSY NMR of 4•HOR (C6D6, 400 MHz) – Aromatic Region. 
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Figure C10. TOCSY NMR of 4•HOR (C6D6, 400 MHz) – Aromatic Region (Zoomed). 
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Figure C11. TOCSY NMR of 4•HOR (C6D6, 400 MHz) – Aromatic/Aliphatic. 
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Figure C12. 1H NMR of 5 (C6D6, 400 MHz). 
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Figure C13. 13C NMR of 5 (C6D6, 100 MHz). 
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Figure C14. TOCSY NMR of 5 (C6D6, 400 MHz) – Aromatic/Aliphatic. 
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Figure C15. TOCSY NMR of 5 (C6D6, 400 MHz) – Aromatic Region. 
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Figure C16. 1H NMR of 6 (C6D6, 400 MHz). 
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Figure C17. 1H NMR of 7 (C6D6, 400 MHz). 
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Figure C18. 13C NMR of 7 (C6D6, 100 MHz). 
123 
 
 
 
Figure C19. TOCSY NMR of 7 (C6D6, 400 MHz) – Aromatic Region. 
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Figure C20. TOCSY NMR of 7 (C6D6, 400 MHz) – Aliphatic Region. 
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Figure C21. TOCSY NMR of 7 (C6D6, 400 MHz) – Aromatic/Aliphatic. 
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Figure C22. 1H NMR of 8 (C6D6, 400 MHz). 
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Figure C23. 13C NMR of 8 (C6D6, 100 MHz). 
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Figure C24. 1H NMR of 8 (C7D8, 400 MHz) 
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Figure C25. 13C NMR of 8 (C7D8, 100 MHz). 
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Figure C26.  1H NMR of 8 (CD2Cl2, 400 MHz). 
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Figure C27. 13C NMR of 8 (CD2Cl2, 100 MHz). 
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Figure C28. 1H NMR of 8 (CD2Cl2, 400 MHz) – low temperature VT studies. 
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Figure C29. 1H NMR of Decomposition of 8 (C6D6, 400 MHz).  
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Figure C30. 1H NMR of 9 (C6D6, 400 MHz). 
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Figure C31. 1H NMR of 10 (C6D6, 400 MHz). 
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Figure C32. 13C NMR of 10 (C6D6, 100 MHz). 
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Figure C33. TOCSY NMR of 10 (C6D6, 400 MHz) – Aromatic/Aliphatic. 
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Figure C34. TOCSY NMR of 10 (C6D6, 400 MHz) – Aliphatic Region. 
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3. HD 1H NMR Spectrum of PLA sample 
 
 
 
Figure C35. HD 1H NMR (CDCl3, 500 MHz) of heterotactically-inclined PLA (Pr=0.66) 
prepared with 8 at room temperature. 
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APPENDIX D: SUPPLEMENTARY MATERIAL FOR CHAPTER 4 
1. NMR spectra 
 
Figure D1. 1H NMR spectrum of 12 (CD2Cl2, 600 MHz). 
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Figure D2. 13C NMR spectrum of 12 (CD2Cl2, 150 MHz). 
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Figure D3. COSY NMR spectrum of 12 (CD2Cl2, 600 MHz). 
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Figure D4. COSY spectrum of 12 (CD2Cl2, 600 MHz) – Aromatic Region (Zoomed). 
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Figure D5. 1H NMR spectrum of L3 (CD2Cl2, 600 MHz). 
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Figure D6. 13C NMR spectrum of L3 (CD2Cl2, 150 MHz). 
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Figure D7. COSY NMR spectrum of L3 (CD2Cl2, 600 MHz).  
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Figure D8. COSY NMR spectrum of L3 (CD2Cl2, 600 MHz) – Aromatic Region (Zoomed). 
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Figure D9. 1H NMR spectrum of 13(PF6) (CD2Cl2, 500 MHz).  
*indicates residual THF and Diethyl ether 
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Figure D10. 13C NMR spectrum of 13(PF6) (CD2Cl2, 125 MHz). 
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Figure D11. COSY NMR spectrum of 13(PF6) (CD2Cl2, 500 MHz).  
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Figure D12. COSY NMR spectrum of 13(PF6) (CD2Cl2, 500 MHz) – Aromatic Region 
(Zoomed). 
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Figure D13. 1H NMR spectrum of 13(B(C6F5)4) (CD2Cl2, 400 MHz). 
*indicates residual Diethyl ether 
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Figure D14. 13C NMR spectrum of 13(B(C6F5)4) (CD2Cl2, 100 MHz). 
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Figure D15. COSY NMR spectrum of 13(B(C6F5)4) (CD2Cl2, 400 MHz).  
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Figure D16. COSY NMR spectrum of 13(B(C6F5)4) (CD2Cl2, 400 MHz) – Aromatic Region 
(Zoomed). 
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Figure D17. 1H NMR spectrum of 14(B(C6F5)4)(CD2Cl2, 600 MHz). 
*indicates residual Diethyl ether 
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Figure D18. 13C NMR spectrum of 14(B(C6F5)4) (CD2Cl2, 150 MHz). 
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Figure D19. COSY NMR spectrum of 14(B(C6F5)4) (CD2Cl2, 600 MHz).  
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Figure D20. COSY NMR spectrum of complex 14(B(C6F5)4) (CD2Cl2, 600 MHz) – Aromatic 
Region (Zoomed). 
 
 
 
 
160 
 
 
 
Figure D21. 1H NMR spectrum of complex 15(NEt4)2 (CD2Cl2, 600 MHz). 
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Figure D22. 13C NMR spectrum of complex 15(NEt4)2 (CD2Cl2, 150 MHz). 
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Figure D23. COSY NMR spectrum of 15(NEt4)2 (CD2Cl2, 600 MHz). . 
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Figure D24. COSY NMR spectrum of complex 15(NEt4)2 (CD2Cl2, 600 MHz) – Aromatic 
Region (Zoomed). 
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Figure D25. TOCSY NMR spectrum of complex 15(NEt4)2 (CD2Cl2, 600 MHz).  
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Figure D26. HSQC NMR spectrum of complex 15(NEt4)2 (CD2Cl2, 600 MHz).   
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Figure D27. 13C DEPT NMR spectrum of complex 15(NEt4)2 (CD2Cl2, 150 MHz).  
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Figure D28. 1H NMR spectrum of complex 16(NEt4)2 (CD2Cl2, 600 MHz). 
*indicates residual THF 
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Figure D29. 13C NMR spectrum of complex 16(NEt4)2 (CD2Cl2, 150 MHz). 
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Figure D30. COSY NMR spectrum of complex 16(NEt4)2 (CD2Cl2, 600 MHz).  
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Figure D31. COSY NMR spectrum of complex 16(NEt4)2 (CD2Cl2, 600 MHz) – Aromatic 
Region (Zoomed). 
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Figure D32. 1H NMR spectrum of 17(NEt4)2 (CD2Cl2, 600 MHz). 
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Figure D33. 13C NMR spectrum of complex 17(NEt4)2 (CD2Cl2, 150 Hz). 
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Figure D34. COSY NMR spectrum of 17(NEt4)2 (CD2Cl2, 600 MHz).  
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Figure D35. COSY NMR spectrum of 17(NEt4)2 CD2Cl2, 600 MHz) – Aromatic Region 
(Zoomed). 
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Figure D36. 1H spectrum of 18(NEt4)2 (CD2Cl2, 500 MHz, 50 °C). 
*indicates residual Diethyl ether, THF and DCM 
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Figure D37. 1H spectrum of 18(NEt4)2 at variable temperatures (CD2Cl2, 500 MHz). 
 
 
 
 
 
 
 
 
 
177 
 
 
 
Figure D38. COSY NMR spectrum of 18(NEt4)2 (CD2Cl2, 600 MHz).  
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Figure D39. NMR spectrum of 18(NEt4)2 (CD2Cl2, 600 MHz) – Aromatic Region (Zoomed). 
 
 
 
 
179 
 
 
 
 
Figure D40. 1H NMR spectrum of 19(NEt4) (CD2Cl2, 600 MHz). 
180 
 
 
 
Figure D41. 13C NMR spectrum of 19(NEt4) (CD2Cl2, 150 MHz). 
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Figure D42. COSY NMR spectrum of 19(NEt4) (CD2Cl2, 600 MHz).  
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Figure D43. COSY NMR spectrum of 19(NEt4) (CD2Cl2, 600 MHz) – Aromatic Region 
(Zoomed). 
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2. HRMS data
 
Figure D44.  Experimental and calculated high-resolution mass spectrum of 12 in the 472–479 
(m/z) region, demonstrating the peak attributed to [12+H]+.  
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Figure D45. Experimental and calculated high-resolution mass spectrum of L3 in the 563–568 
(m/z) region, demonstrating the peak attributed to [L3+H]+.  
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Figure D46. Experimental and calculated high-resolution mass spectrum of 13(PF6), in the 625–
632 (m/z) region, demonstrating the peak attributed to [13]+.  
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Figure D47. Experimental and calculated high-resolution mass spectrum of 13(B(C6F5)4), in the 
625–632 (m/z) region, demonstrating the peak attributed to [13]+.  
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Figure D48. Experimental and calculated high-resolution mass spectrum of 15(NEt4)2, in the 
702–713 (m/z) region, demonstrating the peak attributed to [15+H]-. 
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Figure D49. Experimental and calculated high-resolution mass spectrum of 16(NEt4)2, in the 
791–799 (m/z) region, demonstrating the peak attributed to [16+H]-. 
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Figure D50. Experimental and calculated high-resolution mass spectrum of 17(NEt4)2, in the 
1246–1259 (m/z) region, demonstrating the peak attributed to [17+H]-. 
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Figure D51. Experimental and calculated high-resolution mass spectrum of 18(NEt4)2, in the 
1337–1344 (m/z) region, demonstrating the peak attributed to [18+H]-. 
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Figure D52. Experimental and calculated high-resolution mass spectrum of 19(NEt4)2, in the 
701–713 (m/z) region, demonstrating the peak attributed to [19+H]-. 
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3. IR spectrum of compound 14(B(C6F5)4) 
 
Figure D53.  IR spectrum of 14(B(C6F5)4). 
Table D1. Selected wavelengths for 2,6-Dimethylphenyl isocyanide complexes. 
Selected Compound Wavelength (cm-1) of  
CN  bond 
2,6-Dimethylphenyl isocyanide 2119 
2,6-Dimethylphenyl isocyanide with backbonding < 2119 
Complex 2 + 2,6-Dimethylphenyl isocyanide ~2145 
Carbon Dioxide ~2360 
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4. UV/VIS Data 
 
Figure D54.  UV/vis spectra for titration of 16(NEt4)2 with [Cu(NCMe)4][B(C6F5)4].  
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Figure D55. UV/vis spectra for titration of of 16(NEt4)2 with 0% -30% [Cu(NCMe)4][B(C6F5)4]. 
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Figure D56. UV/vis spectra for titration of 16(NEt4)2 with 30% -60% [Cu(NCMe)4][B(C6F5)4]. 
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5. Computational Methods and Results 
DFT calculations were performed with Gaussian 09.73 Geometry optimizations were done 
at the OPBE/SDD/6-31G(d) level of theory74,75 (SDD for Cu/Mo/W, 6-31G(d) for all other 
atoms)5,6 with implicit solvation included (SMD model for THF).78,79 The tBu groups on the 
xanthene backbone were replaced by H but otherwise full model calculations were performed. 
The pure functional OPBE was chosen so we could employ density fitting to speed up the 
electronic structure calculations during these optimizations. All optimized structures were 
verified to be minima or first-order saddle points by analyzing the harmonic frequencies,80 and 
all wavefunctions were tested for stability.81,82 Subsequent follow-up single point energies at the 
OPBE/def2TZVP,83 B3LYP/def2TZVP,84-88 and B3LYP-D3/def2TZVP 89 levels of theory were 
evaluated again with implicit solvation. The triple-zeta OPBE and B3LYP results were similar 
(see Table D4), but inclusion of the empirical dispersion corrections made these reactions more 
energetically feasible. The D3 correction was not available in the version of Gaussian employed. 
Therefore, approximate triple-zeta free energies at B3LYP-D3/def2TZVP//OPBE/SDD/6-31G(d) 
using G(TZ) ≈ G(DZ) – E(DZ) + E(TZ), where DZ and TZ represent double- and triple-zeta, 
respectively, are presented herein and throughout the manuscript. The free energy corrections to 
the electronic energies assume standard approximations.90 
Transition states for 21 -> 22 and 15 -> 13 are shown in Figure D57. The forming C–O 
bond lengths are 1.843 and 1.726 Å, respectively. The pyridine in 15 has not started coordinating 
to Mo(VI) in the transition state, however, no analogue of 23 with pyridine rotated away from 
the metal was able to be optimized (each attempt optimized to the structure with pyridine 
coordinated). 
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Figure D57. Optimized structures of 21–22–TS (left) and 15–23–TS (right). The forming bond 
is highlighted in transparent red. 
Analogous calculations were performed for W(VI) vs. Mo(VI) containing species (Figure D58). 
While the W(VI) version of 15 is defined as 16 in the manuscript, the hypothetical intermediates 
and transition states were not discussed. Therefore, 24, 25, and 26 are the W versions of 21, 22, 
and 23, respectively. The energetics of these species are slightly different with the Cu(I) reaction 
free energy of 0.6 kcal/mol and a barrier of 2.3 kcal/mol (vs. 2.5 and 4.6 kcal/mol for Mo), while 
the Cu-free version has a reaction free energy of 8.9 kcal/mol and a barrier of 21.9 kcal/mol (vs. 
16.3 and 25.7 kcal/mol). A similar orbital stabilization upon Cu-binding to that in the Mo species 
was found: the LUMO lowers by 0.73 eV and the HOMO–2 lowers by 0.35 eV, giving rise to a 
better energy matching when Cu is bound (∆Eorb = 0.88 eV) vs. not (∆Eorb = 1.53 eV) 
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Figure D58. Optimized structures of the W(VI) species: 24 (top left), 16 (top right), 25 (middle 
left), 26 (middle right), 24–25–TS (bottom left), 16–26–TS (bottom right). The forming bond in 
the TSs is highlighted in transpared red. 
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Table D2. Cartesian coordinates (Å) for all optimized species.
--- 
21 
--- 
    C   -4.344316   -3.469264   -0.987778 
    C   -5.080052   -2.612958   -0.161166 
    C   -4.493527   -1.461098    0.383558 
    C   -3.152955   -1.211250    0.054693 
    C   -2.386613   -2.055091   -0.764669 
    C   -3.004782   -3.201555   -1.281271 
    C   -5.184084   -0.463430    1.325148 
    C   -3.353676    1.037329    0.504720 
    C   -4.686011    0.929422    0.916938 
    C   -5.446271    2.109309    0.923732 
    H   -6.489289    2.088345    1.236261 
    C   -4.884589    3.329583    0.524542 
    C   -3.564296    3.404433    0.083078 
    C   -2.771684    2.240345    0.046281 
    H   -4.819182   -4.359700   -1.402502 
    H   -6.119652   -2.853770    0.056124 
    H   -2.435367   -3.876674   -1.923021 
    H   -5.498794    4.231409    0.533717 
    H   -3.163530    4.345764   -0.293148 
    O   -2.537679   -0.063852    0.490414 
    N   -1.006217   -1.734398   -1.046020 
    N   -1.513035    2.137589   -0.541409 
    C   -0.054385   -2.399593   -0.059079 
    H   -0.454121   -3.406642    0.146642 
    C   -0.658593    3.107139   -0.568248 
    H   -0.809529    4.065409   -0.056113 
    C    1.345617   -2.477635   -0.595767 
    C    2.387924   -1.716443   -0.008868 
    C    3.720753   -1.796176   -0.558133 
    C    2.936887   -3.419407   -2.204011 
    C    3.975508   -2.640745   -1.651039 
    H    3.151527   -4.096701   -3.034892 
    H    4.989563   -2.695155   -2.057322 
    C    0.581229    2.921709   -1.319061 
    C    1.477408    3.980732   -1.517932 
    N    0.805904    1.679780   -1.824798 
    C    2.628245    3.764416   -2.277112 
    H    1.264461    4.957147   -1.081756 
    C    1.914051    1.483782   -2.556634 
    C    2.846505    2.493790   -2.812785 
    H    3.342674    4.571549   -2.442117 
    H    2.070782    0.473133   -2.931725 
    H    3.734351    2.269891   -3.403851 
    Cu  -0.519662    0.245725   -1.306694 
    C    1.645759   -3.340938   -1.682661 
    H    0.854240   -3.970829   -2.100793 
    H   -0.082999   -1.821713    0.870731 
    O    2.252006   -0.903725    1.008766 
    O    4.612843   -1.023055    0.019188 
    H   -0.788649   -2.167200   -1.947611 
    Mo   4.053874    0.123873    1.777268 
    O    5.441442    1.112319    1.361857 
    O    2.897448    1.306250    2.362526 
    O    4.518104   -0.886128    3.128106 
    C   -6.712307   -0.569623    1.262516 
    H   -7.177515    0.138689    1.959848 
    H   -7.099756   -0.368958    0.254128 
    H   -7.043548   -1.570332    1.568330 
    C   -4.723787   -0.752976    2.777662 
    H   -5.173593   -0.026884    3.470044 
    H   -5.039015   -1.761468    3.081802 
    H   -3.633196   -0.692116    2.884901 
 
--- 
21-22-TS 
--- 
    C   -4.600375    2.863752    1.469347 
    C   -5.206549    1.840935    0.730017 
    C   -4.431024    0.905100    0.026818 
    C   -3.038119    1.041141    0.112497 
    C   -2.400694    2.068941    0.832243 
    C   -3.207824    2.990625    1.511270 
    C   -4.967052   -0.231083   -0.860179 
    C   -2.682286   -1.172651   -0.433910 
    C   -4.037011   -1.437377   -0.648858 
    C   -4.434748   -2.785924   -0.647015 
    H   -5.474129   -3.059671   -0.822379 
    C   -3.489305   -3.793317   -0.417472 
    C   -2.158264   -3.491767   -0.120792 
    C   -1.716440   -2.149166   -0.073192 
    H   -5.222010    3.579220    2.010382 
    H   -6.294160    1.784090    0.705535 
    H   -2.742389    3.796275    2.083508 
    H   -3.806997   -4.838326   -0.432439 
    H   -1.471357   -4.298124    0.139251 
    O   -2.220223    0.125585   -0.484475 
    N   -0.960429    2.129068    0.844213 
200 
 
 
    N   -0.517815   -1.695319    0.444346 
    C   -0.422685    2.859892   -0.362536 
    H   -0.919170    3.841285   -0.430867 
    C    0.609229   -2.403120    0.436876 
    H    0.618404   -3.460029    0.149748 
    C    1.067909    3.029458   -0.319442 
    C    1.904052    1.929525   -0.604533 
    C    3.321605    2.076542   -0.621338 
    C    3.058152    4.424521   -0.054987 
    C    3.892453    3.327728   -0.342677 
    H    3.505032    5.399676    0.152304 
    H    4.979456    3.439576   -0.355947 
    C    1.537514   -2.054703    1.551907 
    C    2.420943   -2.989977    2.105273 
    N    1.439847   -0.791549    2.031558 
    C    3.219351   -2.616185    3.187300 
    H    2.476357   -3.995789    1.687307 
    C    2.222289   -0.436249    3.064539 
    C    3.119983   -1.311134    3.679405 
    H    3.910135   -3.331128    3.637288 
    H    2.122713    0.595787    3.405879 
    H    3.728873   -0.969486    4.516917 
    Cu  -0.028132    0.271545    0.996511 
    C    1.668309    4.279093   -0.044498 
    H    1.030419    5.143715    0.157279 
    H   -0.717905    2.267385   -1.237725 
    O    1.463439    0.706363   -0.864078 
    O    4.000097    0.970297   -0.889118 
    H   -0.687522    2.686993    1.656504 
    Mo   2.947249   -0.760492   -1.466169 
    O    4.386107   -1.618782   -1.004284 
    O    1.632834   -1.953226   -1.028401 
    O    2.943701   -0.672426   -3.194728 
    C   -6.427187   -0.571132   -0.535786 
    H   -6.794897   -1.368449   -1.194322 
    H   -6.554102   -0.897629    0.505656 
    H   -7.075707    0.297664   -0.708720 
    C   -4.881898    0.222098   -2.340647 
    H   -5.229282   -0.583067   -3.004203 
    H   -5.516127    1.105106   -2.507990 
    H   -3.855067    0.479498   -2.630638 
 
--- 
22 
--- 
    C   -4.404406    2.811150    1.783277 
    C   -5.080543    1.878924    0.986603 
    C   -4.375439    1.019120    0.128412 
    C   -2.977653    1.135967    0.118269 
    C   -2.271583    2.069195    0.902418 
    C   -3.009875    2.917958    1.737075 
    C   -4.990555   -0.018171   -0.825934 
    C   -2.695978   -1.012388   -0.695305 
    C   -4.061979   -1.247134   -0.819863 
    C   -4.480289   -2.588733   -0.945257 
    H   -5.532966   -2.842260   -1.060321 
    C   -3.516352   -3.605279   -0.932310 
    C   -2.157898   -3.345742   -0.728908 
    C   -1.685563   -2.016225   -0.529147 
    H   -4.972026    3.468231    2.444524 
    H   -6.167668    1.831571    1.041329 
    H   -2.489695    3.645825    2.364211 
    H   -3.837793   -4.642911   -1.057789 
    H   -1.464862   -4.185604   -0.663273 
    O   -2.227835    0.291973   -0.639651 
    N   -0.829832    2.092287    0.844047 
    N   -0.457592   -1.592981   -0.133473 
    C   -0.307225    2.909936   -0.309972 
    H   -0.802556    3.894018   -0.305927 
    C    0.704697   -2.392059   -0.132915 
    H    0.550616   -3.448289   -0.411947 
    C    1.184611    3.085087   -0.246302 
    C    2.046216    2.009511   -0.534129 
    C    3.456193    2.156054   -0.458471 
    C    3.157712    4.481079    0.141967 
    C    4.013675    3.398606   -0.127913 
    H    3.586109    5.452845    0.396633 
    H    5.098726    3.512436   -0.078679 
    C    1.289848   -2.328480    1.271177 
    C    1.646670   -3.462348    2.006848 
    N    1.390040   -1.077583    1.782817 
    C    2.094628   -3.308207    3.323463 
    H    1.568088   -4.451818    1.553722 
    C    1.848138   -0.937830    3.039311 
    C    2.196484   -2.018883    3.853576 
    H    2.363945   -4.180490    3.921876 
    H    1.940884    0.088553    3.401968 
    H    2.549037   -1.846730    4.871263 
    Cu  -0.025310    0.178860    0.724220 
    C    1.769427    4.326053    0.090621 
    H    1.119002    5.178725    0.300211 
    H   -0.603281    2.385299   -1.227366 
201 
 
 
    O    1.640053    0.786714   -0.876504 
    O    4.142452    1.042986   -0.693963 
    H   -0.500926    2.558024    1.692979 
    Mo   3.116868   -0.676522   -1.212883 
    O    4.333222   -1.544926   -0.346447 
    O    1.663187   -1.913658   -1.104823 
    O    3.511864   -0.743031   -2.885842 
    C   -6.425116   -0.383632   -0.422953 
    H   -6.852915   -1.106052   -1.129784 
    H   -6.472830   -0.818717    0.584918 
    H   -7.076756    0.500188   -0.448307 
    C   -5.018807    0.585959   -2.253834 
    H   -5.431053   -0.144674   -2.965138 
    H   -5.648107    1.488209   -2.282642 
    H   -4.013522    0.861153   -2.598490 
 
--- 
15 
--- 
    C    0.095713   -3.989629    1.327901 
    C    1.382748   -4.232275    0.841553 
    C    2.165504   -3.169933    0.358220 
    C    1.630022   -1.873932    0.407137 
    C    0.301620   -1.598849    0.835047 
    C   -0.442181   -2.704352    1.303626 
    C    3.544255   -3.355735   -0.287338 
    C    3.750694   -0.893827    0.173596 
    C    4.396093   -2.136155    0.073506 
    C    5.792154   -2.161219    0.229437 
    H    6.329169   -3.107785    0.183992 
    C    6.519391   -0.985217    0.436193 
    C    5.867611    0.247886    0.478296 
    C    4.466888    0.318477    0.356589 
    H   -0.510431   -4.818013    1.700210 
    H    1.765887   -5.250957    0.830530 
    H   -1.462532   -2.531235    1.652167 
    H    7.602329   -1.031675    0.564758 
    H    6.426558    1.165053    0.669770 
    O    2.397430   -0.777309    0.061362 
    N   -0.226826   -0.317231    0.919929 
    N    3.745210    1.500740    0.514196 
    C   -0.250189    0.623789   -0.217413 
    H    0.749175    0.687398   -0.656261 
    C    4.131412    2.568178   -0.093602 
    H    4.966937    2.563245   -0.814154 
    C   -1.286470    0.297731   -1.270341 
    C   -2.648330    0.209091   -0.885375 
    C   -3.646058   -0.107561   -1.866694 
    C   -1.915643   -0.213025   -3.580217 
    C   -3.271594   -0.310693   -3.204002 
    H   -1.629923   -0.374677   -4.623213 
    H   -4.040070   -0.551022   -3.944945 
    C    3.473227    3.874062    0.096622 
    C    3.891403    4.960457   -0.694905 
    N    2.490129    3.977661    1.017330 
    C    3.261233    6.196121   -0.535330 
    H    4.691851    4.832804   -1.425834 
    C    1.900780    5.167301    1.153993 
    C    2.239663    6.306875    0.408748 
    H    3.561383    7.053668   -1.140021 
    H    1.105919    5.221193    1.904389 
    H    1.712851    7.248351    0.570218 
    C   -0.939898    0.080100   -2.622142 
    H    0.111589    0.146760   -2.918350 
    H   -0.461780    1.609644    0.228458 
    O   -3.088199    0.376822    0.338224 
    O   -4.891607   -0.194357   -1.413720 
    H   -1.178327   -0.351389    1.287491 
    Mo  -5.318038    0.147686    0.635045 
    O   -4.916646   -0.871947    2.004147 
    O   -5.483045    1.812327    1.157278 
    O   -6.946017   -0.357734    0.215679 
    C    4.214468   -4.671214    0.132312 
    H    5.181673   -4.795554   -0.371488 
    H    4.379449   -4.723534    1.217442 
    H    3.602953   -5.532002   -0.166325 
    C    3.357069   -3.371695   -1.828108 
    H    4.328549   -3.473465   -2.334863 
    H    2.720330   -4.217829   -2.125131 
    H    2.879604   -2.450942   -2.188553 
 
--- 
15-23-TS 
--- 
    C   -5.075380    3.189916    0.919192 
    C   -5.522264    1.983079    0.376631 
    C   -4.606018    1.006236   -0.050485 
    C   -3.233667    1.253618    0.132398 
    C   -2.749982    2.518807    0.569264 
    C   -3.706810    3.465669    0.977192 
    C   -4.998200   -0.278732   -0.785915 
    C   -2.714539   -1.033059   -0.037500 
202 
 
 
    C   -4.039229   -1.384424   -0.331647 
    C   -4.407229   -2.742482   -0.265538 
    H   -5.428316   -3.051848   -0.483450 
    C   -3.454913   -3.706176    0.075398 
    C   -2.143071   -3.338952    0.372264 
    C   -1.708951   -1.983530    0.352428 
    H   -5.795683    3.938324    1.256031 
    H   -6.593270    1.811379    0.278560 
    H   -3.357240    4.433565    1.345650 
    H   -3.745198   -4.759101    0.128635 
    H   -1.438374   -4.106781    0.695956 
    O   -2.301005    0.283464   -0.100156 
    N   -1.373021    2.790848    0.642274 
    N   -0.491028   -1.547971    0.793554 
    C   -0.653838    2.894787   -0.649107 
    H   -1.115177    3.680731   -1.280682 
    C    0.606077   -2.302089    0.632109 
    H    0.505356   -3.314954    0.204555 
    C    0.814832    3.180872   -0.462305 
    C    1.748485    2.133389   -0.600156 
    C    3.144536    2.355555   -0.387909 
    C    2.670915    4.701703    0.026828 
    C    3.599699    3.646700   -0.079667 
    H    3.027016    5.709159    0.257548 
    H    4.667673    3.824002    0.074024 
    C    1.558651   -2.310435    1.797354 
    C    2.040788   -3.537510    2.290763 
    N    1.887409   -1.135295    2.368051 
    C    2.869546   -3.546522    3.413805 
    H    1.762889   -4.472638    1.801112 
    C    2.686871   -1.161094    3.440370 
    C    3.203426   -2.329073    4.013152 
    H    3.249484   -4.489716    3.813008 
    H    2.936394   -0.184016    3.867556 
    H    3.849554   -2.280282    4.891052 
    C    1.304104    4.472429   -0.159788 
    H    0.599624    5.305604   -0.078017 
    H   -0.763569    1.938038   -1.168233 
    O    1.439028    0.895948   -0.925342 
    O    3.898377    1.271698   -0.489129 
    H   -1.235292    3.661660    1.153009 
    Mo   2.948240   -0.560623   -1.026338 
    O    4.313451   -1.284972   -0.226835 
    O    1.597836   -1.762434   -0.673838 
    O    3.247359   -0.693100   -2.729515 
    C   -6.469268   -0.651059   -0.555546 
    H   -6.739779   -1.549544   -1.124581 
    H   -6.688246   -0.836733    0.505322 
    H   -7.134617    0.146536   -0.911739 
    C   -4.790238   -0.045077   -2.306108 
    H   -5.039786   -0.956362   -2.870133 
    H   -5.433327    0.772248   -2.666533 
    H   -3.748372    0.215726   -2.534726 
 
--- 
23 
--- 
    C   -4.880153    2.966630    1.308917 
    C   -5.394158    1.805132    0.728169 
    C   -4.538654    0.882550    0.099483 
    C   -3.155253    1.137789    0.107338 
    C   -2.610598    2.346158    0.631093 
    C   -3.512802    3.244499    1.233300 
    C   -5.016524   -0.360813   -0.659589 
    C   -2.644222   -1.114051   -0.341292 
    C   -3.986977   -1.476830   -0.428752 
    C   -4.321246   -2.850633   -0.373663 
    H   -5.356831   -3.181689   -0.432121 
    C   -3.294252   -3.793081   -0.252624 
    C   -1.952470   -3.417367   -0.173774 
    C   -1.533998   -2.043135   -0.208235 
    H   -5.550669    3.676765    1.797798 
    H   -6.468210    1.626562    0.761561 
    H   -3.118561    4.169867    1.661643 
    H   -3.549135   -4.857287   -0.213711 
    H   -1.202162   -4.201483   -0.059172 
    O   -2.271938    0.219383   -0.369513 
    N   -1.232073    2.601632    0.658638 
    N   -0.301437   -1.519597   -0.111598 
    C   -0.466779    2.692123   -0.602334 
    H   -0.886840    3.487630   -1.251333 
    C    0.850939   -2.339117   -0.043418 
    H    0.677971   -3.432238   -0.146077 
    C    0.997343    2.956914   -0.335128 
    C    1.943571    1.928940   -0.545664 
    C    3.320508    2.120670   -0.210051 
    C    2.822602    4.404295    0.430534 
    C    3.758739    3.363373    0.264890 
    H    3.161009    5.377582    0.794643 
    H    4.814096    3.514449    0.506875 
    C    1.491514   -2.069502    1.309104 
    C    1.123412   -2.737152    2.490265 
203 
 
 
    N    2.410794   -1.088655    1.309404 
    C    1.707081   -2.351523    3.694510 
    H    0.387732   -3.541685    2.457219 
    C    2.954927   -0.706408    2.474418 
    C    2.634621   -1.299622    3.695017 
    H    1.445170   -2.861717    4.624102 
    H    3.690556    0.097954    2.415716 
    H    3.109958   -0.958529    4.615549 
    C    1.469098    4.201051    0.140721 
    H    0.761095    5.023008    0.283417 
    H   -0.562930    1.737933   -1.126868 
    O    1.672988    0.749130   -1.047910 
    O    4.087194    1.044421   -0.370652 
    H   -1.060936    3.443458    1.204453 
    Mo   3.200243   -0.699036   -1.092025 
    O    4.599472   -1.526228   -0.472839 
    O    1.799426   -2.033442   -1.068959 
    O    3.483987   -0.627915   -2.798086 
    C   -6.432758   -0.781237   -0.242253 
    H   -6.766456   -1.652933   -0.819824 
    H   -6.491422   -1.034619    0.825607 
    H   -7.156504    0.018833   -0.448344 
    C   -5.041393   -0.017624   -2.172761 
    H   -5.349893   -0.895143   -2.760720 
    H   -5.749472    0.800509   -2.377059 
    H   -4.050496    0.293639   -2.529059 
 
--- 
24 
--- 
    C    4.871784   -3.357407    0.758310 
    C    5.457955   -2.444385   -0.125527 
    C    4.745662   -1.323677   -0.578359 
    C    3.437524   -1.164851   -0.098993 
    C    2.816891   -2.071755    0.775604 
    C    3.556874   -3.183076    1.198940 
    C    5.261174   -0.274977   -1.575749 
    C    3.449490    1.097741   -0.523658 
    C    4.726512    1.080396   -1.093809 
    C    5.399028    2.309558   -1.177674 
    H    6.395188    2.360842   -1.614900 
    C    4.808823    3.487542   -0.699668 
    C    3.552195    3.470411   -0.095457 
    C    2.852572    2.253990    0.025571 
    H    5.444018   -4.221135    1.100187 
    H    6.479607   -2.616793   -0.461003 
    H    3.101857   -3.903744    1.881475 
    H    5.354540    4.429342   -0.776085 
    H    3.138515    4.380750    0.338917 
    O    2.708578   -0.051380   -0.435110 
    N    1.454957   -1.841708    1.197543 
    N    1.692362    2.059276    0.771644 
    C    0.458646   -2.488317    0.249079 
    H    0.822622   -3.508961    0.043034 
    C    0.781777    2.964631    0.918163 
    H    0.794350    3.928560    0.395141 
    C   -0.932417   -2.513203    0.813068 
    C   -1.948933   -1.713730    0.238838 
    C   -3.279558   -1.742585    0.785634 
    C   -2.549381   -3.385509    2.432442 
    C   -3.562897   -2.573866    1.880748 
    H   -2.784965   -4.050838    3.267189 
    H   -4.576750   -2.593475    2.290095 
    C   -0.331753    2.693725    1.825631 
    C   -1.278622    3.681058    2.129929 
    N   -0.389188    1.446270    2.363320 
    C   -2.304834    3.385294    3.028379 
    H   -1.202561    4.663245    1.662615 
    C   -1.376110    1.174974    3.231761 
    C   -2.349102    2.110677    3.596522 
    H   -3.057472    4.134715    3.275315 
    H   -1.400513    0.161398    3.630822 
    H   -3.134454    1.826539    4.296630 
    Cu   0.925492    0.099618    1.620738 
    C   -1.258474   -3.360115    1.904335 
    H   -0.489211   -4.017653    2.321012 
    H    0.480820   -1.919532   -0.686073 
    O   -1.786193   -0.901133   -0.781862 
    O   -4.140516   -0.937982    0.197512 
    H    1.337166   -2.337453    2.085222 
    W   -3.525422    0.141351   -1.583433 
    O   -4.869201    1.229671   -1.193136 
    O   -2.321738    1.259307   -2.251675 
    O   -4.062923   -0.889999   -2.913919 
    C    6.790114   -0.284047   -1.687910 
    H    7.128104    0.457118   -2.423336 
    H    7.277831   -0.067227   -0.727572 
    H    7.144500   -1.259589   -2.044731 
    C    4.657926   -0.583123   -2.971023 
    H    4.987387    0.170749   -3.700374 
    H    4.992637   -1.570996   -3.318732 
    H    3.560559   -0.581771   -2.955053 
204 
 
 
 
--- 
24-25-TS 
--- 
    C   -5.028999    2.812280    1.253965 
    C   -5.562238    1.745648    0.520366 
    C   -4.720789    0.813840   -0.108575 
    C   -3.339661    0.999931    0.045778 
    C   -2.774387    2.073843    0.757905 
    C   -3.645377    2.989191    1.362060 
    C   -5.169081   -0.369672   -0.981961 
    C   -2.884875   -1.219328   -0.393565 
    C   -4.216562   -1.536677   -0.671856 
    C   -4.572203   -2.896378   -0.637064 
    H   -5.591094   -3.211371   -0.857845 
    C   -3.611000   -3.862498   -0.314477 
    C   -2.308187   -3.506073    0.041141 
    C   -1.911123   -2.149151    0.056625 
    H   -5.701153    3.523255    1.737355 
    H   -6.644652    1.650767    0.442341 
    H   -3.237609    3.829837    1.927861 
    H   -3.895436   -4.917087   -0.304188 
    H   -1.611867   -4.278462    0.370164 
    O   -2.461604    0.090698   -0.469699 
    N   -1.339074    2.184707    0.836673 
    N   -0.756393   -1.635958    0.618544 
    C   -0.769738    2.883496   -0.374173 
    H   -1.294249    3.843368   -0.506714 
    C    0.391686   -2.302628    0.691996 
    H    0.452834   -3.367287    0.444478 
    C    0.711220    3.108733   -0.275251 
    C    1.599953    2.036149   -0.490022 
    C    3.008124    2.239274   -0.464542 
    C    2.637252    4.587910    0.014207 
    C    3.523523    3.517201   -0.208888 
    H    3.037933    5.585865    0.206181 
    H    4.604983    3.671378   -0.188830 
    C    1.256514   -1.876123    1.829946 
    C    2.139115   -2.758160    2.465955 
    N    1.098812   -0.596830    2.247980 
    C    2.873301   -2.312971    3.566340 
    H    2.244143   -3.778898    2.096783 
    C    1.820377   -0.172721    3.299204 
    C    2.712810   -0.991396    3.994044 
    H    3.561994   -2.986038    4.079677 
    H    1.674424    0.869604    3.588831 
    H    3.270533   -0.594358    4.842716 
    Cu  -0.366533    0.365875    1.119769 
    C    1.254611    4.388366   -0.020472 
    H    0.577803    5.233429    0.130283 
    H   -1.003893    2.246031   -1.235974 
    O    1.220809    0.783755   -0.719015 
    O    3.734575    1.146800   -0.675926 
    H   -1.124535    2.784265    1.636831 
    W    2.774061   -0.644259   -1.183848 
    O    4.222646   -1.449330   -0.597063 
    O    1.474007   -1.869794   -0.749878 
    O    2.855718   -0.670299   -2.931814 
    C   -6.634957   -0.745370   -0.731835 
    H   -6.938824   -1.573614   -1.384635 
    H   -6.813710   -1.043682    0.310512 
    H   -7.297729    0.097103   -0.969536 
    C   -5.010088    0.032080   -2.471306 
    H   -5.290079   -0.809326   -3.121659 
    H   -5.662072    0.885055   -2.710471 
    H   -3.976747    0.314116   -2.711241 
 
--- 
25 
--- 
    C   -4.860307    2.763963    1.609558 
    C   -5.469273    1.780470    0.820333 
    C   -4.699306    0.917662    0.023130 
    C   -3.307228    1.085132    0.066497 
    C   -2.667800    2.069356    0.845119 
    C   -3.469530    2.919911    1.616762 
    C   -5.237529   -0.169597   -0.922666 
    C   -2.915295   -1.073394   -0.671254 
    C   -4.265440   -1.361938   -0.845716 
    C   -4.628591   -2.721091   -0.952926 
    H   -5.665452   -3.017265   -1.104101 
    C   -3.629687   -3.700219   -0.874002 
    C   -2.291349   -3.384566   -0.622728 
    C   -1.876658   -2.033871   -0.440270 
    H   -5.478088    3.422630    2.222492 
    H   -6.555558    1.696537    0.832036 
    H   -3.002267    3.687839    2.237602 
    H   -3.907700   -4.751984   -0.984640 
    H   -1.571312   -4.195911   -0.507724 
    O   -2.495738    0.247612   -0.631653 
    N   -1.226031    2.140253    0.845484 
    N   -0.681171   -1.555156   -0.008411 
205 
 
 
    C   -0.682666    2.933587   -0.315826 
    H   -1.211652    3.898349   -0.369919 
    C    0.507282   -2.309950    0.047567 
    H    0.403097   -3.376107   -0.213527 
    C    0.798173    3.166780   -0.197288 
    C    1.710893    2.120815   -0.424387 
    C    3.108466    2.322901   -0.297589 
    C    2.702125    4.642945    0.240569 
    C    3.608659    3.588859    0.027972 
    H    3.083012    5.634933    0.492290 
    H    4.685768    3.744631    0.117504 
    C    1.045410   -2.192894    1.465805 
    C    1.419634   -3.296455    2.237648 
    N    1.084770   -0.927576    1.950977 
    C    1.824090   -3.097154    3.562045 
    H    1.389868   -4.297663    1.805024 
    C    1.500898   -0.743831    3.216599 
    C    1.864537   -1.793392    4.064604 
    H    2.107980   -3.945524    4.187412 
    H    1.545926    0.292792    3.558309 
    H    2.182096   -1.585875    5.087161 
    Cu  -0.351317    0.250085    0.837079 
    C    1.323857    4.434971    0.136273 
    H    0.635027    5.266741    0.302555 
    H   -0.919131    2.365154   -1.223980 
    O    1.366763    0.872229   -0.751215 
    O    3.842901    1.226326   -0.486434 
    H   -0.950251    2.648664    1.688872 
    W    2.909651   -0.540282   -0.972134 
    O    4.103230   -1.360805    0.004764 
    O    1.481919   -1.813750   -0.907065 
    O    3.408231   -0.673579   -2.633880 
    C   -6.671736   -0.579007   -0.563409 
    H   -7.044824   -1.335809   -1.265216 
    H   -6.741423   -0.988969    0.453657 
    H   -7.354631    0.277796   -0.637802 
    C   -5.232925    0.393867   -2.367159 
    H   -5.591423   -0.370053   -3.072612 
    H   -5.892900    1.270942   -2.444515 
    H   -4.225788    0.696490   -2.682326 
 
--- 
16 
--- 
    C   -2.693137   -4.249618    0.210784 
    C   -3.722939   -3.346816    0.489860 
    C   -3.453468   -1.970302    0.559415 
    C   -2.144674   -1.532262    0.303313 
    C   -1.060954   -2.428216    0.097705 
    C   -1.384491   -3.802068    0.045913 
    C   -4.488504   -0.920306    0.976978 
    C   -2.875143    0.653050   -0.135218 
    C   -4.213149    0.343514    0.160451 
    C   -5.206293    1.247072   -0.251617 
    H   -6.255306    1.027702   -0.058544 
    C   -4.874917    2.438209   -0.902735 
    C   -3.538863    2.753853   -1.148130 
    C   -2.510049    1.865978   -0.777322 
    H   -2.905494   -5.319440    0.161750 
    H   -4.728660   -3.723096    0.667286 
    H   -0.577298   -4.518337   -0.123415 
    H   -5.663013    3.121596   -1.223950 
    H   -3.275480    3.663103   -1.690468 
    O   -1.853696   -0.182655    0.211736 
    N    0.246436   -2.013553   -0.116625 
    N   -1.177269    2.085178   -1.129704 
    C    0.912619   -1.020469    0.760815 
    H    0.503037   -1.089712    1.780994 
    C   -0.666050    3.251014   -0.931341 
    H   -1.208339    4.038752   -0.382145 
    C    2.401583   -1.255774    0.796490 
    C    2.972156   -2.135167    1.744793 
    C    4.392532   -2.350004    1.770721 
    C    4.630738   -0.840394   -0.128396 
    C    5.207929   -1.699371    0.828592 
    H    5.270326   -0.339864   -0.860786 
    H    6.288742   -1.866424    0.850056 
    C    0.673836    3.634486   -1.410094 
    C    1.185883    4.889350   -1.030256 
    N    1.350105    2.781170   -2.210162 
    C    2.447731    5.273303   -1.487721 
    H    0.603259    5.547593   -0.383308 
    C    2.553709    3.169247   -2.638710 
    C    3.151988    4.395821   -2.313197 
    H    2.870677    6.238356   -1.203328 
    H    3.079867    2.459682   -3.284811 
    H    4.140828    4.647118   -2.699141 
    C    3.251910   -0.623396   -0.143670 
    H    2.808254    0.047924   -0.882989 
    H    0.701178   -0.013509    0.379331 
    O    2.294470   -2.793300    2.670440 
    O    4.816316   -3.158332    2.719359 
206 
 
 
    H    0.852756   -2.822401   -0.222047 
    W    3.328990   -4.188860    3.942094 
    O    4.579916   -4.193326    5.200498 
    O    1.835671   -4.137012    4.899987 
    O    3.342455   -5.771052    3.150923 
    C   -5.929630   -1.419614    0.807262 
    H   -6.647910   -0.662698    1.147521 
    H   -6.161839   -1.673937   -0.236260 
    H   -6.105256   -2.306991    1.428385 
    C   -4.262809   -0.589490    2.476590 
    H   -4.968236    0.186668    2.809308 
    H   -4.421099   -1.487697    3.091108 
    H   -3.243621   -0.227859    2.665612 
 
--- 
16-26-TS 
--- 
    C   -5.476913    3.147432    0.747430 
    C   -5.873813    1.901145    0.257498 
    C   -4.917704    0.941026   -0.117098 
    C   -3.557494    1.246017    0.069526 
    C   -3.125695    2.550390    0.440981 
    C   -4.120486    3.478479    0.798401 
    C   -5.253230   -0.384225   -0.807200 
    C   -2.957908   -1.027766    0.010770 
    C   -4.261614   -1.437132   -0.300626 
    C   -4.583130   -2.804716   -0.195833 
    H   -5.587235   -3.158443   -0.424564 
    C   -3.605620   -3.720204    0.201578 
    C   -2.318325   -3.294480    0.525582 
    C   -1.932558   -1.924291    0.474236 
    H   -6.227246    3.882831    1.045236 
    H   -6.936812    1.685808    0.158282 
    H   -3.810784    4.476908    1.117697 
    H   -3.859163   -4.780798    0.283675 
    H   -1.599228   -4.024293    0.900905 
    O   -2.587846    0.299011   -0.100524 
    N   -1.762891    2.885134    0.494316 
    N   -0.755615   -1.429153    0.957327 
    C   -1.039877    2.894282   -0.798208 
    H   -1.542241    3.576702   -1.512640 
    C    0.370150   -2.156357    0.907852 
    H    0.330142   -3.173119    0.480858 
    C    0.405869    3.296005   -0.649717 
    C    1.405262    2.306365   -0.604905 
    C    2.783566    2.648933   -0.472026 
    C    2.161102    4.993808   -0.461311 
    C    3.157497    3.998685   -0.401285 
    H    2.451391    6.046661   -0.416801 
    H    4.213028    4.267352   -0.307908 
    C    1.214144   -2.150246    2.156694 
    C    1.746402   -3.367185    2.624703 
    N    1.386188   -0.995026    2.829694 
    C    2.460930   -3.389969    3.823094 
    H    1.594314   -4.285153    2.053956 
    C    2.083389   -1.032151    3.970717 
    C    2.637534   -2.193137    4.522546 
    H    2.874450   -4.326881    4.203204 
    H    2.207755   -0.070953    4.480701 
    H    3.189895   -2.154063    5.462670 
    C    0.811603    4.648917   -0.582809 
    H    0.054280    5.436351   -0.640100 
    H   -1.085899    1.881836   -1.209952 
    O    1.174786    1.006549   -0.693496 
    O    3.603563    1.608403   -0.414434 
    H   -1.663311    3.803569    0.923920 
    W    2.773260   -0.332701   -0.645181 
    O    4.087471   -0.864234    0.395591 
    O    1.470730   -1.606081   -0.306110 
    O    3.255972   -0.662342   -2.297571 
    C   -6.712722   -0.801594   -0.579440 
    H   -6.944400   -1.728664   -1.119000 
    H   -6.937342   -0.957518    0.484984 
    H   -7.401983   -0.042048   -0.971362 
    C   -5.035422   -0.197382   -2.332273 
    H   -5.239236   -1.137960   -2.865749 
    H   -5.706599    0.578951   -2.730427 
    H   -4.002195    0.098414   -2.557535 
 
--- 
26 
--- 
    C   -5.314839    2.983238    0.995959 
    C   -5.773135    1.769707    0.478980 
    C   -4.868403    0.815342   -0.020442 
    C   -3.492408    1.099818    0.049276 
    C   -2.999540    2.353014    0.516705 
    C   -3.948742    3.279004    0.987396 
    C   -5.288642   -0.489286   -0.708171 
    C   -2.909902   -1.162371   -0.253847 
    C   -4.238777   -1.561997   -0.380439 
    C   -4.540451   -2.941535   -0.282941 
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    H   -5.564407   -3.300700   -0.370491 
    C   -3.498689   -3.853840   -0.082271 
    C   -2.169450   -3.443195    0.027419 
    C   -1.784360   -2.061942   -0.053421 
    H   -6.026152    3.717711    1.379667 
    H   -6.844700    1.575036    0.458520 
    H   -3.595294    4.242240    1.364746 
    H   -3.731571   -4.921181   -0.008394 
    H   -1.402792   -4.201347    0.196997 
    O   -2.562527    0.177068   -0.310111 
    N   -1.624552    2.628327    0.605748 
    N   -0.569413   -1.503767    0.047514 
    C   -0.821398    2.689445   -0.636034 
    H   -1.244039    3.443771   -1.330668 
    C    0.609301   -2.265067    0.218428 
    H    0.489700   -3.369986    0.215547 
    C    0.627148    3.006822   -0.344032 
    C    1.605991    2.000689   -0.493219 
    C    2.965375    2.242696   -0.128623 
    C    2.393330    4.531435    0.412238 
    C    3.361020    3.510573    0.309973 
    H    2.696080    5.526602    0.746958 
    H    4.405152    3.697745    0.574060 
    C    1.183482   -1.830893    1.559298 
    C    0.759901   -2.352627    2.793617 
    N    2.087349   -0.836631    1.487943 
    C    1.265359   -1.805006    3.969569 
    H    0.037115   -3.168799    2.821576 
    C    2.557117   -0.296442    2.624519 
    C    2.175173   -0.740100    3.888579 
    H    0.955442   -2.198116    4.940278 
    H    3.279614    0.511627    2.504600 
    H    2.589066   -0.273844    4.783377 
    C    1.054051    4.279913    0.096949 
    H    0.320752    5.086442    0.192123 
    H   -0.876594    1.711437   -1.121399 
    O    1.381833    0.792414   -0.955340 
    O    3.763736    1.175284   -0.226395 
    H   -1.497201    3.501350    1.114108 
    W    2.944763   -0.622994   -0.850056 
    O    4.353483   -1.407416   -0.143393 
    O    1.576911   -2.000408   -0.803869 
    O    3.283639   -0.657342   -2.567955 
    C   -6.705135   -0.920900   -0.300257 
    H   -7.000316   -1.838371   -0.825247 
    H   -6.786369   -1.101961    0.780696 
    H   -7.444144   -0.158086   -0.579681 
    C   -5.280273   -0.247300   -2.241457 
    H   -5.546840   -1.170895   -2.777182 
    H   -6.005022    0.534012   -2.518539 
    H   -4.288882    0.069372   -2.591966 
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Table D3. Harmonic frequencies (cm–1) for all optimized species. One of the minima, 16, has a 
small imaginary frequency (< 30 cm–1) corresponding to a torsional motion in the aminocatechol 
arm. All other imaginary frequencies correspond to the transition state motion forming the new 
C–O bond upon nucleophilic attack of the imine. 
--- 
21 
--- 
     7.1032    17.5599    25.7205 
    35.3892    43.0910    52.0884 
    58.8321    67.4335    73.0321 
    85.8063    89.4529    96.6095 
   107.7707   117.5272   131.9803 
   136.6251   140.4165   166.3339 
   179.3825   191.6322   200.3968 
   207.7144   211.9480   229.1424 
   232.7158   235.4230   247.8128 
   258.5141   274.3728   279.5519 
   288.8151   293.2551   299.1705 
   309.1447   328.7907   332.7439 
   342.5347   346.5794   359.4514 
   370.1353   378.2583   382.6747 
   407.6678   413.0617   423.2865 
   478.9521   490.2005   493.0755 
   505.5613   510.2055   521.7655 
   529.7241   535.5974   545.9893 
   550.8888   559.4831   575.5730 
   582.3093   592.2959   605.4066 
   620.1781   628.9273   640.1648 
   657.7311   686.2976   692.9226 
   717.4352   729.4439   731.4594 
   733.2747   742.5972   756.1756 
   763.5500   778.2241   782.9423 
   805.2220   814.8937   841.1286 
   861.9741   862.9544   867.7478 
   869.1655   872.6840   874.4435 
   877.8589   878.8610   896.7119 
   896.9389   905.2746   935.4017 
   936.8674   938.4355   939.3401 
   940.6801   944.5606   951.8554 
   985.1482   992.3889  1004.1356 
  1008.8582  1031.0769  1060.1040 
  1067.3177  1086.1700  1091.9563 
  1095.3396  1117.7631  1125.7493 
  1141.6007  1152.2828  1159.1504 
  1165.6598  1182.9458  1189.5744 
  1222.1410  1227.5223  1236.2768 
  1237.9922  1243.1268  1260.0184 
  1269.6994  1274.5494  1281.8944 
  1309.2523  1311.0742  1337.6754 
  1341.9570  1353.7872  1375.5361 
  1376.6254  1384.9019  1392.0551 
  1397.4850  1401.5449  1415.9924 
  1448.4306  1462.1303  1464.4577 
  1472.0833  1475.3979  1476.4110 
  1478.6029  1483.2441  1489.4923 
  1492.9219  1498.2193  1505.4403 
  1529.5959  1578.9823  1589.3451 
  1598.9451  1601.3631  1619.2284 
  1623.1840  1629.2562  1645.1726 
  1656.6852  3016.0312  3034.6461 
  3043.7370  3116.3247  3126.9046 
  3128.6989  3139.4263  3140.1238 
  3141.1742  3142.7369  3143.5550 
  3161.4975  3174.4108  3182.7380 
  3189.8509  3193.9844  3201.8849 
  3204.4777  3209.3828  3210.0290 
  3213.0062  3222.2304  3469.8973 
 
--- 
21-22-TS 
--- 
  -238.0624    29.8612    34.7233 
    44.9277    50.2932    51.7696 
    59.6945    68.6470    81.4018 
    96.8474    99.8073   104.8556 
   110.4340   116.7443   128.9134 
   156.4218   158.4331   175.6129 
   183.5044   203.5102   211.2745 
   216.2817   218.1736   227.5929 
   236.9026   237.7516   247.4719 
   265.9296   271.1652   279.7029 
   285.7852   295.6909   314.7799 
   324.4696   330.6364   333.7850 
   336.1300   357.9636   367.0084 
   375.9262   380.2757   396.9986 
   406.0227   410.6893   445.3040 
   485.4390   494.2470   501.4672 
   515.4198   523.3884   525.4307 
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   531.3181   542.9391   551.4261 
   557.3898   564.3086   581.8830 
   587.0210   598.2157   605.0071 
   617.8347   624.8111   639.6833 
   657.9862   660.6680   688.5270 
   709.4575   711.4222   727.8308 
   728.3185   735.7414   745.5849 
   754.1019   763.2586   765.6433 
   782.9509   815.0301   827.7425 
   837.1182   847.4364   864.1229 
   867.3391   871.4716   873.1138 
   887.1856   894.6382   898.1348 
   907.6649   921.0821   922.8939 
   929.8566   933.2984   934.9292 
   938.7192   958.6812   973.8770 
   993.0553   996.3053  1003.9126 
  1040.4160  1060.9043  1063.5960 
  1083.1791  1087.1085  1090.4388 
  1105.7135  1113.9235  1123.5957 
  1140.7115  1153.6340  1158.4011 
  1165.5473  1182.5907  1187.8895 
  1222.6708  1224.9346  1229.0610 
  1241.8640  1248.7880  1256.0406 
  1267.6347  1270.9248  1279.8753 
  1295.4440  1310.7589  1330.9437 
  1333.3835  1350.2077  1372.3077 
  1373.1464  1381.0749  1388.6123 
  1394.9219  1398.7252  1422.6203 
  1435.9278  1459.3668  1465.0204 
  1468.5444  1472.8754  1475.7257 
  1479.9295  1482.3608  1484.1281 
  1488.5052  1494.6154  1503.0796 
  1516.2281  1526.6532  1591.3771 
  1592.4151  1603.2563  1609.5505 
  1613.9787  1625.4296  1629.0969 
  1641.9397  3029.3110  3030.6864 
  3040.9717  3113.3068  3117.6286 
  3121.6133  3134.8331  3137.8825 
  3140.6185  3146.6334  3157.5863 
  3166.5385  3167.1233  3173.9177 
  3177.4556  3183.4777  3185.1223 
  3186.9243  3196.7776  3202.9348 
  3204.5924  3207.3206  3489.5840 
 
--- 
22 
--- 
    16.3456    26.3890    38.8834 
    44.1403    45.7385    59.3039 
    71.6727    82.1390    92.3435 
    94.4756   101.6272   112.4754 
   115.6319   132.6922   149.3761 
   161.5854   171.2807   189.7916 
   195.1242   204.6592   214.9518 
   224.6729   233.8061   241.1335 
   243.7127   246.8609   264.0725 
   272.6288   280.5188   289.3124 
   296.1271   299.6653   320.8109 
   331.5205   337.6496   351.9391 
   354.3031   366.2574   376.6419 
   378.7744   383.2525   394.8441 
   409.1346   432.0444   480.9093 
   488.4033   500.0760   512.2107 
   520.8871   527.2344   538.0070 
   549.0680   554.4563   560.8659 
   565.7588   582.6410   589.0484 
   599.0165   602.9033   614.0920 
   622.4879   633.8539   643.1102 
   660.1820   694.0313   697.2033 
   709.3302   721.0164   730.1863 
   732.4893   734.8214   745.9771 
   761.1365   773.4126   783.9380 
   790.7475   812.2648   832.5406 
   847.4196   853.6467   864.4414 
   866.4467   869.4923   873.6664 
   894.4316   897.1470   903.0526 
   911.2117   917.8605   927.6919 
   928.9802   933.8158   937.4084 
   944.5140   962.0044   968.0405 
   986.3265   991.2762  1007.3577 
  1040.8654  1060.3378  1060.6058 
  1082.1433  1087.6323  1089.7172 
  1101.4466  1111.7857  1135.9450 
  1148.7874  1152.2050  1160.0293 
  1166.3541  1180.0714  1194.3480 
  1204.5145  1212.3785  1226.0581 
  1244.7052  1248.7017  1255.2559 
  1266.1157  1275.4880  1281.5131 
  1298.3918  1318.0464  1325.3044 
  1330.0579  1348.5974  1364.6065 
  1374.3979  1374.8414  1384.7315 
  1388.6299  1396.4358  1400.7798 
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  1430.6597  1444.8307  1465.3583 
  1468.4957  1474.5072  1478.6748 
  1479.3421  1480.3858  1482.8443 
  1489.1088  1497.0152  1503.5441 
  1504.2306  1511.5661  1574.4584 
  1595.8700  1596.3355  1608.1864 
  1615.6622  1617.5384  1626.1798 
  1638.6448  3008.9051  3027.0700 
  3031.2394  3039.7351  3115.7606 
  3118.3565  3130.1424  3136.4996 
  3139.6281  3147.6841  3153.8378 
  3162.5311  3165.8189  3166.4677 
  3179.6868  3180.7715  3180.9451 
  3182.4519  3191.0150  3200.8378 
  3202.1573  3202.2879  3484.1630 
 
--- 
15 
--- 
    16.5579    20.3809    23.9484 
    26.6614    35.4442    44.8431 
    52.4722    54.2945    58.2034 
    70.5909    87.4609    96.5163 
   111.3537   125.0967   148.5915 
   159.5494   165.3303   184.5170 
   188.7250   199.8788   224.4275 
   229.3034   232.9679   239.4006 
   243.1869   252.4280   267.5620 
   286.4165   292.5187   300.9387 
   308.4957   322.9478   323.4733 
   345.6470   348.6308   357.4076 
   365.9175   368.0921   390.9253 
   395.6203   397.1276   433.2057 
   459.9970   471.9973   478.7474 
   502.5056   511.1334   523.3819 
   526.7568   540.2360   543.1473 
   548.9445   554.8424   568.6028 
   582.3948   586.0844   600.2749 
   612.8591   613.0725   626.9583 
   660.1120   678.3975   690.3721 
   707.3579   716.8969   720.4650 
   734.3792   735.0879   740.3683 
   756.8572   764.6564   783.5362 
   786.0164   810.7909   812.4140 
   842.7959   847.9316   858.8880 
   861.5670   864.2281   865.6975 
   869.5886   872.2970   889.5344 
   893.9465   895.1425   912.2936 
   921.7479   924.8899   935.8030 
   955.1809   963.1731   975.4359 
   985.1720   985.9260  1002.8541 
  1005.7069  1042.3429  1059.5961 
  1063.7703  1079.6729  1096.2178 
  1106.8682  1111.2832  1127.4079 
  1139.8086  1154.3057  1157.4544 
  1164.4125  1183.7055  1194.3638 
  1213.1163  1220.7878  1232.1401 
  1248.0886  1251.1742  1263.0649 
  1279.9467  1283.0488  1306.2816 
  1318.0893  1320.4247  1335.0649 
  1347.6829  1357.2118  1373.9980 
  1385.3200  1391.1956  1393.7862 
  1398.9359  1401.8952  1442.3991 
  1451.1400  1458.0361  1464.8278 
  1466.2716  1476.2567  1478.1492 
  1481.3160  1487.6174  1494.7713 
  1503.2615  1504.5080  1522.1598 
  1535.6399  1581.9580  1599.4849 
  1602.6075  1602.8655  1612.8687 
  1617.1207  1621.5347  1641.2963 
  1673.9835  3023.3799  3026.4747 
  3033.2718  3042.5428  3118.8775 
  3128.4949  3135.2344  3136.8003 
  3138.2811  3140.3604  3152.9634 
  3155.1865  3157.9460  3164.6048 
  3174.7264  3180.1733  3181.0399 
  3190.9549  3192.6625  3204.0701 
  3205.8889  3207.8266  3485.7193 
 
--- 
15-23-TS 
--- 
  -239.5234    27.1076    33.6533 
    42.1759    50.7097    62.3623 
    78.4923    82.9217    94.5639 
   102.0990   118.4046   123.1029 
   135.3061   154.7091   159.8483 
   164.4618   178.8029   199.4971 
   212.0015   216.9344   226.5548 
   234.5264   239.5063   244.7796 
   253.5268   258.8806   276.9620 
   279.4984   288.6010   306.0887 
211 
 
 
   317.6098   334.1407   339.8963 
   345.3422   356.7095   358.4344 
   370.3476   379.0822   388.7927 
   397.2449   417.9030   443.9050 
   479.8244   488.4331   493.7983 
   520.3741   524.5738   529.7187 
   541.8165   545.3957   549.7475 
   551.9235   562.5868   575.4541 
   584.6723   606.3410   612.6034 
   616.8853   627.3195   641.5574 
   651.4581   662.8748   691.7353 
   704.5108   705.3992   715.8458 
   731.2198   734.2166   740.9119 
   750.5023   758.3989   776.8842 
   780.6242   785.0521   810.6775 
   815.0227   817.0370   845.6194 
   852.9338   861.0083   870.5425 
   873.1663   875.4863   888.5922 
   896.0544   905.4513   910.4271 
   913.6558   925.8454   931.9597 
   943.8697   961.8541   972.6120 
   989.1902  1002.1940  1007.7462 
  1023.1164  1061.4062  1063.3877 
  1078.8566  1095.5722  1099.8190 
  1103.7491  1123.2178  1137.6363 
  1152.1134  1155.2481  1162.6337 
  1169.3522  1180.0305  1187.6302 
  1212.5890  1218.3461  1233.6785 
  1245.0498  1247.2716  1250.5564 
  1262.6140  1270.2860  1291.8646 
  1305.6392  1318.4934  1333.0023 
  1338.5014  1355.8591  1362.0167 
  1371.3328  1375.3797  1386.4482 
  1392.8334  1397.6850  1423.7667 
  1443.7146  1458.4982  1464.3969 
  1466.7582  1476.3773  1478.8864 
  1479.9215  1482.0536  1488.6268 
  1493.3621  1501.8590  1503.9633 
  1514.0618  1525.9487  1582.7633 
  1590.3617  1603.4932  1605.9896 
  1609.1812  1617.4032  1623.3666 
  1632.6328  2944.7512  2987.7523 
  3022.4376  3040.0538  3113.3313 
  3129.7077  3131.8124  3132.9710 
  3135.4730  3138.1363  3140.9237 
  3145.7418  3149.7535  3157.4644 
  3163.8900  3166.6529  3175.1530 
  3175.5422  3180.7220  3194.2903 
  3199.9400  3200.5452  3522.9695 
 
--- 
23 
--- 
    32.7519    37.0707    42.9893 
    54.1510    71.6150    85.1519 
    88.0731    93.9906    96.5452 
   122.7534   134.6730   147.3109 
   149.2842   156.6575   174.3669 
   179.3118   198.6968   207.6752 
   218.2295   233.1609   235.3567 
   243.8917   251.5193   263.2372 
   268.4168   275.7906   282.9161 
   298.5004   302.3954   312.7911 
   318.2817   337.8746   355.7474 
   359.7412   367.7508   368.3586 
   374.7568   383.4943   413.8608 
   419.7217   441.4289   474.0621 
   485.9947   492.3479   505.8960 
   520.1409   527.0599   543.7059 
   547.2347   553.1419   554.0107 
   563.3934   577.8386   585.2905 
   599.7891   607.6011   616.7300 
   623.3719   632.3053   641.6021 
   664.7502   679.8054   691.4247 
   705.3269   707.6170   717.5868 
   728.8307   734.3704   739.8534 
   753.4721   755.4587   758.9472 
   767.8684   779.9871   812.6355 
   822.1896   839.1597   851.9058 
   856.2428   859.7719   869.2888 
   876.0114   877.9963   890.0535 
   891.4506   904.4906   905.7647 
   924.5187   928.9552   929.8856 
   952.9483   962.8625   975.4722 
   995.8036   998.5728  1006.4646 
  1022.2944  1058.2983  1063.4668 
  1080.3457  1088.1238  1093.7200 
  1107.3135  1108.6768  1130.4094 
  1140.5480  1151.2540  1157.2579 
  1163.2820  1182.0586  1188.3401 
  1205.6261  1213.8225  1233.0431 
  1244.3928  1249.3391  1256.8019 
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  1272.2557  1280.4532  1292.3947 
  1306.2019  1309.8107  1322.4367 
  1330.6158  1347.4167  1360.0134 
  1371.6271  1377.4152  1385.1933 
  1387.4468  1394.0584  1398.7215 
  1442.1072  1452.4010  1468.1951 
  1468.7363  1478.9578  1482.1771 
  1482.6261  1485.0014  1490.3054 
  1496.3454  1503.7378  1506.5924 
  1517.4443  1524.8227  1564.2932 
  1587.6929  1598.6258  1606.0199 
  1606.4872  1616.6487  1626.5547 
  1632.3389  2900.9105  2938.7392 
  3021.0047  3036.2017  3110.2285 
  3126.6675  3130.5132  3133.7785 
  3135.4718  3137.1084  3148.5984 
  3149.5010  3153.2790  3168.5153 
  3169.2481  3171.2724  3174.4448 
  3175.8941  3192.7606  3198.1289 
  3198.4518  3198.7313  3531.2171 
 
--- 
24 
--- 
   -28.4088    14.1956    18.7537 
    27.3382    31.7170    39.8954 
    55.6843    62.2576    66.7358 
    72.3917    88.2345   100.9871 
   103.0347   113.6256   128.1196 
   135.7314   147.8446   164.2662 
   173.7137   188.7199   196.6951 
   204.7386   210.2018   220.1591 
   233.4222   238.4485   251.2590 
   260.4594   274.6342   279.4292 
   292.7271   294.7838   297.8491 
   311.8725   326.4942   331.2594 
   338.2374   342.6838   348.4491 
   363.1806   373.3998   384.1094 
   403.1472   409.4347   425.6975 
   482.8276   486.9502   494.4386 
   506.0679   515.1703   524.0831 
   532.0221   538.9193   546.6240 
   552.4784   561.5139   576.6655 
   584.5274   597.5494   605.6910 
   620.2248   627.7962   641.6778 
   658.9842   687.6611   698.2713 
   720.0783   727.8387   733.0036 
   735.0805   743.6651   755.7627 
   761.9714   777.5101   785.1690 
   812.9098   816.5832   839.3479 
   846.8140   852.6307   868.3670 
   869.9527   870.0112   874.3770 
   877.8420   881.1976   897.0048 
   902.2143   906.6408   936.8827 
   937.5838   939.0700   939.7902 
   941.9523   948.3839   949.2565 
   982.5962   994.5190  1003.4783 
  1008.8874  1030.7340  1062.8675 
  1065.8794  1089.8722  1093.2215 
  1100.2130  1115.9066  1127.4868 
  1139.9143  1155.1121  1157.3812 
  1166.3563  1184.3640  1191.4559 
  1228.9996  1233.0353  1238.7940 
  1242.3207  1244.1264  1262.7196 
  1271.9279  1277.1039  1284.4428 
  1311.3728  1312.8318  1338.8504 
  1342.7514  1349.9954  1377.7034 
  1380.9566  1382.9617  1394.8842 
  1395.7873  1401.8738  1421.2701 
  1447.6183  1462.0480  1466.3530 
  1472.5333  1475.5969  1477.0377 
  1478.1014  1483.9000  1489.6029 
  1493.5705  1500.2162  1507.4496 
  1532.0261  1585.3309  1591.2385 
  1601.2161  1602.9530  1619.4270 
  1624.6613  1629.0152  1645.4331 
  1659.0691  3016.1739  3034.5522 
  3044.0146  3116.6186  3128.5846 
  3131.0265  3140.0864  3140.7886 
  3143.5926  3144.3183  3147.4204 
  3164.2927  3175.4250  3181.9499 
  3190.3934  3193.2767  3200.7173 
  3202.0601  3207.8047  3208.4842 
  3209.4325  3218.0051  3470.3320 
 
--- 
24-25-TS 
--- 
  -213.1822    20.4166    30.5694 
    42.0755    45.3385    52.3621 
    58.3505    59.2694    76.2127 
    90.7051    95.9825    97.3108 
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   107.4443   116.4201   126.9663 
   150.2468   155.7186   172.7553 
   181.5688   200.2030   206.4261 
   212.5717   218.0283   229.4552 
   237.1109   243.4698   255.7573 
   265.2419   270.2644   281.8792 
   294.9233   300.2716   314.4570 
   321.0296   328.2716   337.6537 
   344.3218   345.9709   356.2929 
   374.8664   380.8466   396.6994 
   407.2266   410.1020   445.8099 
   486.4393   495.4481   501.8154 
   515.6719   523.8839   525.9949 
   533.6019   544.4044   553.7935 
   558.4045   564.3237   582.3508 
   587.3683   597.9364   606.0468 
   619.7128   624.2533   640.6942 
   657.8800   662.6963   689.7997 
   710.7737   712.8792   728.5264 
   728.6928   737.8420   747.0585 
   755.9214   764.6030   766.4188 
   784.4718   814.9856   829.6604 
   839.1375   846.5647   864.3104 
   868.1565   872.0234   873.5519 
   881.0210   889.6018   895.8793 
   909.5914   920.7500   923.4706 
   930.8908   935.0212   937.2890 
   942.0604   959.5061   974.5475 
   993.8183   996.2013  1009.1928 
  1040.8230  1061.5082  1063.8303 
  1084.0947  1087.6719  1091.3743 
  1105.6680  1114.1456  1124.6940 
  1142.3863  1154.1146  1158.4250 
  1166.2611  1183.3179  1188.4476 
  1223.3756  1225.6634  1229.6000 
  1242.5245  1249.6649  1257.5458 
  1267.8903  1271.9250  1280.2431 
  1300.1040  1306.1044  1330.2035 
  1332.0750  1350.4859  1372.6697 
  1375.5386  1381.6884  1389.6409 
  1398.2413  1400.4484  1422.1233 
  1436.1269  1461.9973  1467.4262 
  1472.5752  1474.7146  1477.6582 
  1481.1204  1483.4469  1484.9692 
  1489.4573  1499.0567  1507.2595 
  1517.2296  1529.1454  1592.4334 
  1596.2302  1602.6223  1613.2439 
  1614.5504  1625.8862  1628.8733 
  1642.7121  3030.1789  3031.6636 
  3041.6069  3116.9328  3118.0950 
  3122.4666  3134.8996  3138.8116 
  3140.8327  3146.5300  3159.1952 
  3166.6080  3168.2196  3175.4026 
  3177.2896  3184.3816  3184.6032 
  3187.4008  3196.5019  3203.3183 
  3204.0552  3205.9455  3486.2569 
 
--- 
25 
--- 
    20.8857    26.7449    39.7637 
    49.1204    50.2759    58.0627 
    77.9878    83.2200    93.1483 
    95.9255   107.9161   115.4229 
   119.6764   135.7516   150.7285 
   162.2015   175.1567   188.4922 
   192.3393   201.2120   212.1025 
   225.3730   232.8395   237.4764 
   243.4681   244.7829   264.9049 
   268.3459   280.0044   284.2212 
   290.5891   297.8804   320.2781 
   329.0972   334.9453   348.0620 
   356.8726   362.0820   371.8719 
   379.6809   382.4196   395.7623 
   408.4495   430.0077   481.9147 
   490.4679   501.0200   513.7552 
   521.5078   530.4556   542.7593 
   549.2985   554.8831   565.7543 
   570.1973   583.9921   589.9785 
   601.9397   603.8723   614.6336 
   623.8088   636.8394   643.6930 
   660.2742   695.6342   696.6336 
   712.5310   720.5055   731.8461 
   732.1326   736.9554   746.4238 
   762.2652   774.6402   784.7761 
   790.5613   812.6123   836.4354 
   847.8686   853.4205   862.8752 
   865.9278   869.4372   875.0266 
   896.7007   897.4879   903.0207 
   904.1955   907.8841   926.1250 
   930.4984   932.1282   937.1143 
   945.7577   962.1437   969.5626 
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   986.0000   991.2650  1004.7403 
  1039.1824  1059.6692  1060.7160 
  1080.9978  1087.4285  1088.9251 
  1102.0691  1112.5136  1136.2495 
  1149.9965  1152.7025  1161.1121 
  1166.7395  1179.1845  1195.2505 
  1207.1373  1212.7527  1225.5128 
  1244.4845  1248.2519  1254.9096 
  1264.8088  1277.8335  1281.0792 
  1295.1023  1321.3562  1327.7665 
  1331.9552  1348.0587  1365.4051 
  1374.4058  1375.6414  1384.6118 
  1387.8599  1395.8498  1402.9239 
  1429.2854  1445.3838  1464.9029 
  1465.2422  1475.3144  1476.8048 
  1479.0650  1480.4230  1484.3675 
  1488.1408  1496.0439  1502.4015 
  1504.4607  1513.2193  1575.0845 
  1595.5375  1600.4959  1608.4076 
  1618.1054  1619.9317  1626.2676 
  1638.4638  3016.4060  3026.7251 
  3033.2535  3039.9713  3117.8773 
  3119.1984  3130.3494  3136.7990 
  3138.8297  3148.7660  3153.8644 
  3163.3949  3167.1548  3168.3232 
  3178.2827  3180.7846  3181.7976 
  3183.5661  3190.4494  3200.0906 
  3202.0375  3202.6611  3483.2704 
 
--- 
16 
--- 
    12.7447    15.2890    21.6150 
    27.6516    38.1784    45.4892 
    49.5615    65.5239    76.1041 
    82.9878    88.5612    92.5857 
   112.3290   115.3490   150.7893 
   159.3048   167.9569   178.6765 
   189.1855   195.6962   209.2903 
   223.5106   232.1261   239.1540 
   242.1703   253.5173   265.8471 
   270.2189   285.8566   300.1510 
   310.7803   318.9583   330.8327 
   336.6993   340.0821   353.2913 
   357.2164   366.0654   367.6305 
   392.7391   397.8497   423.8241 
   462.8724   475.2300   490.1385 
   502.7025   518.3236   523.8559 
   533.1615   538.2768   542.6141 
   549.8262   561.1011   567.3583 
   580.6040   603.0396   603.9576 
   611.5148   620.5163   634.7804 
   654.8171   680.0110   690.0416 
   704.8580   708.9769   721.9283 
   731.4360   740.1342   746.7002 
   754.0675   764.6996   773.5251 
   778.3875   807.3591   809.7892 
   835.2069   841.2270   848.8752 
   851.9489   862.9023   864.2942 
   874.6253   879.0117   885.9693 
   898.3802   903.0861   916.7681 
   925.9072   935.8171   940.4360 
   953.2602   956.4671   974.5214 
   984.0373   985.0789  1000.4235 
  1011.5242  1045.6019  1056.9628 
  1062.3597  1076.9029  1096.7906 
  1104.7295  1110.9934  1128.0362 
  1140.5840  1155.8572  1157.8082 
  1164.7621  1182.9339  1196.6933 
  1212.0681  1221.7161  1231.3300 
  1245.0070  1247.2315  1259.3524 
  1269.9677  1281.7198  1300.2735 
  1319.3420  1319.5845  1341.7041 
  1354.0897  1356.8470  1372.9462 
  1383.6102  1386.5715  1393.5354 
  1396.9483  1402.2039  1441.1590 
  1446.6280  1461.9230  1465.5232 
  1475.2707  1477.2349  1479.6841 
  1484.3876  1488.1828  1493.3864 
  1500.6144  1505.0789  1519.4292 
  1527.4953  1589.8652  1599.7637 
  1601.3094  1603.8537  1612.6314 
  1618.0620  1620.3815  1640.6014 
  1670.3128  3022.6418  3026.4874 
  3042.3431  3043.5342  3107.9549 
  3119.7670  3134.2173  3136.2059 
  3137.0806  3140.9969  3149.1662 
  3150.0125  3165.1565  3167.0862 
  3174.6800  3179.9040  3181.0667 
  3190.5119  3191.2467  3202.2736 
  3207.1268  3209.5075  3557.8115 
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--- 
16-26-TS 
--- 
  -217.5706    21.3292    30.7539 
    36.9538    44.6188    55.9416 
    68.9767    74.1064    81.9817 
    95.1050   104.8823   123.1253 
   127.3448   153.8463   155.0120 
   163.8978   168.8690   196.2131 
   201.9855   211.5794   221.5104 
   225.7707   229.6472   236.8804 
   249.0461   254.9376   272.5155 
   276.7744   283.4693   310.5519 
   316.6162   328.5931   336.3429 
   347.2078   350.7524   357.3233 
   362.0553   368.8881   389.1635 
   402.2203   409.9040   443.1049 
   478.1187   490.9598   495.1152 
   517.8540   521.5278   530.5776 
   540.5540   547.2062   549.2316 
   555.6533   564.0421   575.8223 
   585.9920   604.9125   614.8311 
   619.2783   625.1256   639.4584 
   649.9198   658.4264   690.9259 
   699.1414   707.0951   713.6317 
   730.0320   735.2327   738.8550 
   749.6815   756.3398   771.4362 
   780.7883   784.3497   800.0181 
   805.3491   820.1628   840.9865 
   855.1022   859.5977   871.8739 
   876.0451   878.6096   880.7213 
   887.4254   900.8558   909.2238 
   917.4880   928.2788   931.9244 
   943.1780   963.6994   974.5121 
   985.5556  1001.0378  1008.5884 
  1026.5894  1063.3352  1064.7513 
  1080.0624  1095.2382  1099.9852 
  1105.3943  1122.5600  1137.7649 
  1154.6135  1159.0340  1162.9499 
  1175.9294  1182.4697  1188.3357 
  1211.2534  1219.9312  1234.3778 
  1246.3853  1249.0626  1255.4520 
  1266.0072  1269.6105  1292.9922 
  1305.9626  1314.8156  1334.7970 
  1341.1742  1359.5854  1362.0653 
  1370.9643  1376.8574  1387.2289 
  1392.1472  1401.2307  1424.6339 
  1443.8359  1457.8211  1462.7033 
  1465.6955  1477.1091  1479.1832 
  1480.4783  1485.6872  1488.4688 
  1493.5557  1501.3959  1503.6056 
  1512.9365  1527.4083  1581.3300 
  1598.0040  1603.4243  1608.8736 
  1613.1726  1617.9705  1623.0611 
  1632.7389  2950.3721  2991.5633 
  3021.0298  3039.7760  3112.0985 
  3130.4924  3134.1644  3137.0658 
  3137.3177  3138.2362  3144.4260 
  3147.1489  3149.6750  3156.6808 
  3167.2440  3168.4613  3173.8219 
  3178.1252  3181.1521  3194.2913 
  3198.5961  3200.0314  3520.8170 
 
--- 
26 
--- 
    24.9917    30.7492    35.9406 
    40.0271    69.0703    70.7743 
    88.4838    94.7059    98.3488 
   116.1688   127.2625   133.4775 
   145.1926   155.9624   163.8335 
   172.5828   192.0126   201.8788 
   214.9574   226.9052   232.7433 
   237.7520   249.4693   261.0210 
   265.6232   274.1620   281.6473 
   283.2332   291.2929   308.7784 
   313.2044   331.4458   352.4064 
   353.8083   356.6990   363.7879 
   367.9607   377.7837   410.9355 
   417.5116   437.7235   470.9348 
   483.8025   492.1311   503.1533 
   519.1910   524.6346   541.4048 
   545.7929   550.6523   556.8367 
   565.9611   578.6242   588.5289 
   596.6579   607.6408   611.3543 
   621.2733   634.4184   640.2497 
   661.2396   679.3200   690.9607 
   705.3010   708.3948   714.6065 
   731.5262   736.5852   739.1168 
   754.0460   756.8397   762.4952 
   764.2990   780.8172   806.2596 
   830.8451   840.4179   850.3933 
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   855.5141   860.4562   868.1855 
   872.6812   880.2376   881.3289 
   889.8339   899.8225   902.2494 
   923.9596   926.4134   929.4757 
   951.5372   966.9272   979.0811 
   996.4716  1002.6901  1006.4270 
  1019.5213  1058.0832  1059.6370 
  1077.7657  1088.5095  1094.0583 
  1106.1565  1111.0909  1129.7290 
  1138.4695  1151.6263  1155.3499 
  1161.6685  1180.3707  1186.4141 
  1202.4008  1212.6306  1231.3391 
  1242.1415  1249.2804  1255.8883 
  1275.1566  1277.0188  1289.4209 
  1302.0205  1304.3784  1315.8575 
  1326.2772  1347.1772  1359.2279 
  1367.3611  1377.2661  1386.4652 
  1387.4543  1394.6524  1399.2728 
  1442.6922  1451.9589  1465.5567 
  1467.8923  1479.4632  1480.9337 
  1481.6739  1484.6997  1489.5421 
  1494.2584  1503.1125  1508.9984 
  1518.1310  1525.1323  1565.7279 
  1591.9521  1596.6858  1605.5259 
  1610.7528  1616.8332  1628.3318 
  1632.1245  2901.7971  2940.8987 
  3017.6433  3036.5037  3107.9021 
  3125.9269  3128.4660  3131.3283 
  3135.7090  3137.0381  3152.0980 
  3152.3840  3155.3200  3170.7964 
  3171.8100  3173.6215  3174.4051 
  3186.5003  3197.3972  3199.1731 
  3201.1601  3203.4026  3528.0359 
217 
 
 
Table D4. Absolute thermodynamics summary (Eh) for all optimized species. 
Species E(DZ) H(DZ) G(DZ) E(TZ)OPBE E(TZ)B3LYP 
E(TZ) 
B3LYP-D3 
21 -1962.157546 -1961.663941 -1961.768683 -3406.007581 -3406.276367 -3406.451153 
21–22 
TS 
-1962.143303 -1961.651112 -1961.749247 -3405.991082 -3406.261924 -3406.448944 
22 -1962.150476 -1961.657162 -1961.756742 -3405.998329 -3406.264281 -3406.452094 
15 -1764.467701 -1763.978006 -1764.080167 -1765.094069 -1765.753533 -1765.907198 
15–23 
TS 
-1764.428316 -1763.940458 -1764.033913 -1765.054059 -1765.710599 -1765.873125 
23 -1764.437470 -1763.948275 -1764.040983 -1765.062650 -1765.721746 -1765.890262 
24 -1961.094434 -1960.601586 -1960.704271 -3404.932503 -3405.201815 -3405.376636 
24–25 
TS 
-1961.080965 -1960.588565 -1960.688072 -3404.917645 -3405.189183 -3405.375685 
25 -1961.088149 -1960.594753 -1960.694009 -3404.925452 -3405.192382 -3405.379710 
16 -1763.402939 -1762.913224 -1763.016068 -1764.017676 -1764.676616 -1764.828662 
16–26 
TS 
-1763.366393 -1762.878579 -1762.974008 -1763.981252 -1764.638013 -1764.799356 
26 -1763.378639 -1762.889709 -1762.984451 -1763.993121 -1764.653335 -1764.821828 
Table D5. Relative thermodynamics summary (kcal/mol) for all reactions. 
Reaction ∆G(DZ) ∆G(TZ)OPBE ∆G(TZ)B3LYP ∆G(TZ)B3LYP-
D3 
21  21–22–TS 12.20 13.61 12.32 4.64 
21  22 7.49 8.86 10.64 2.47 
15  15–23–TS 29.02 29.42 31.25 25.69 
15  23 24.59 25.33 25.57 16.25 
24  24–25–TS 10.17 11.04 9.64 2.31 
24  25 6.44 6.92 8.41 0.57 
16  16–26–TS 26.39 26.32 27.68 21.85 
16  26 19.84 20.00 19.20 8.88 
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ABSTRACT 
DESIGN, SYNTHESIS, AND REACTIVITY OF HOMO- AND HETEROBIMETALLIC 
COMPLEXES BRIDGED BY A XANTHENE LINKER 
by 
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Advisor: Dr. Stanislav Groysman 
Major: Chemistry (Biochemistry) 
Degree: Doctor of Philosophy 
 Cooperative reactivity of bimettalics can be is observed in many different areas of 
chemistry and have been increasingly investigated because of the advantageous reactivity when 
compared to the corresponding mononuclear systems. The focus of my dissertation is on (1) 
investigation of the homobimetallic cooperativity in lactide polymerization catalysis; (2) 
investigation of the heterobimetallic cooperativity in the biomimetic studies of Mo-Cu carbon 
monoxide dehydrogenase (CODH) enzyme in order to make a functional model of its active site.  
Three new main group bis(alkoxide) complexes Mg(OR)2(THF)2, Zn(Cl)(μ2-OR)2Li(THF) 
and In(OR)2(μ2-Cl)2Li(THF)2 featuring bulky alkoxide [OCtBu2Ph] were synthesized serve as 
metal alkoxide precursors for bimetallic lactide polymerization catalyst. A new, potentially 
dinucleating xanthene-bridged bis(iminophenolate) ligand L1 (L1 = 6,6′-((1E,1′E)-((2,7-di-tert-butyl-
9,9-dimethyl-9H-xanthene-4,5-diyl)bis(azanylylidene))bis(methanylylidene))bis(2,4-di-tert-
butylphenol)) has been synthesized in order to study bimetallic cooperativity in lactide 
polymerization. The coordination chemistry of L1 with zinc precursors featuring alkoxide, chloride, 
and ethyl leaving groups has been investigated. The reaction of a zinc precursor bearing two bulky 
alkoxides, Zn(Cl)(μ2-OR)2Li(THF) (OR = di-tert-butyl-phenylmethoxide), formed a mononuclear 
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complex Zn(L1) that was isolated as an H-bond adduct with HOR, Zn(L1)·HOR. In contrast, the 
reaction of L1 (or its lithium salt) with diethylzinc (or zinc chloride) led to the formation of the 
corresponding dinuclear complexes Zn2(L
1)(Et)2 and Zn2(L
1)(μ2-Cl)4Li2(OEt2)2. X-ray crystallography 
revealed syn-parallel geometry for Zn2(L
1)(Et)2 (Zn⋯Zn distance of 4.5 Å) and anti-parallel geometry 
for Zn2(L
1)(μ2-Cl)4Li2(OEt2)2 (Zn⋯Zn distance of 6.7 Å). Zn2(L1)(Et)2 was found to be somewhat 
unstable, demonstrating decomposition into Zn(L1) and ZnEt2; this decomposition can be reversed by 
the addition of excess ZnEt2. Treatment of Zn2(L
1)(Et)2 with benzyl alcohol (BnOH) in deuterated 
benzene, toluene, or dichloromethane resulted in the formation of Zn2(L
1)(OBn)2, which was 
characterized by 1H and 13C NMR spectroscopy. Zn2(L
1)(OBn)2 was found to be active in the ring-
opening polymerization of rac-lactide to afford heterotactically inclined PLA. 
The synthesis of a heterodinucleating ligand L3 (L3 = (E)-3-(((2,7-di-tert-butyl-9,9-
dimethyl-5-((pyridin-2-ylmethylene)amino)-9H-xanthen-4-yl)amino)methyl)benzene-1,2-diol) 
was undertaken toward a functional model of the bimetallic active site found in Mo–Cu carbon 
monoxide dehydrogenase (Mo–Cu CODH), and to understand the origins of heterobimetallic 
cooperativity exhibited by the enzyme. L3 features a hard potentially dianionic catechol chelate 
for binding Mo(VI) and a soft iminopyridine chelate for binding Cu(I). Treatment of L3 with 
either Cu(I) or M(VI) (M = Mo, W) sources leads to the anticipated site-selective incorporation 
of the respective metals. While both [CuI(L3)]+ and [MVIO3(L
3)]2− complexes are stable in the 
solid state, [MVIO3(L
3)]2− complexes disproportionate in solution to give 
[MVIO2(L
3)2](NEt4)2 complexes, with [M
VIO4]
2− as the by-product. The incorporation of BOTH 
Mo(VI) and Cu(I) into L3 forms a highly reactive heterobimetallic complex 
[MoVIO3Cu
I(L3)](NEt4)2, whose formation and reactivity was interrogated via
1H NMR/UV-vis 
spectroscopy and DFT calculations. These studies reveal that the combination of the two metals 
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triggers oxidation reactivity, in which a nucleophilic Mo(VI) trioxo attacks Cu(I)-bound imine. 
The major product of the reaction is a crystallographically characterized molybdenum(VI) 
complex [Mo(L4)O2](NEt4) coordinated by a modified ligand L
4 that contains a new C–O bond 
in place of the imine functionality. This observed hydroxylation reactivity is consistent with the 
postulated first step of Mo–Cu CODH (nucleophilic attack of the Mo(VI)–oxo on the Cu(I)-
bound electrophilic CO) and xanthine oxidoreductase (nucleophilic attack of Mo(VI)–oxo on the 
electrophilic xanthine carbon). This is the first example of a functional model for both 
molybdoenzymes. 
  
232 
 
 
AUTOBIOGRAPHICAL STATEMENT 
Thilini S. Hollingsworth (Poramba-Liyanage) 
 
Education 
 Ph.D., Biochemistry, Wayne State University, Detroit MI 
 August 2012-August 2018; Advisor: Professor Stanislav Groysman 
B.S., Special degree in Biochemistry & Molecular Biology, 
University of Colombo, Sri Lanka. August 2007- May 2011 
 
Publications 
1. Hollingsworth, T. S.; Hollingsworth, R. L.; Rosen, T.; Groysman, S. RSC Adv. 2017, 7, 
41819-41829.  
 
2. Hollingsworth, T. S.; Hollingsworth, R. L.; Lord, R. L.; Groysman, S. Dalton Trans. 
2018, 47, 10017-10024.  
  
 
Selected Oral and Poster Presentations 
 
• Hollingsworth, T. S.; Groysman, S. “Synthesis and reactivity of new divalent 
bisalkoxide complexes” 253rd ACS National Meeting, San Francisco, California, April 
2-6, 2017.  
 
• Hollingsworth, T. S.; Groysman, S. “Bioinspired Heterobimetallics for Carbon 
Monoxide Oxidation” Ohio Inorganic Weekend, Ohio State Universty, Columbus, OH, 
November 3rd, 2017. 
 
• Hollingsworth, T. S.; Groysman, S. “Bioinspired Heterobimetallics for Carbon 
Monoxide Oxidation”19th Annual Chemistry Graduate Research Symposium, Wayne 
State University, Detroit, MI, October 2017.  
 
• Hollingsworth, T. S.; Hollingsworth, R. L.; Rosen, T.; Groysman, S. “Synthesis of new 
divalent zinc complexes and their reactivity toward ring-opening polymerization 
reactions” 48th Central Regional Meeting of the American Chemical Society, Dearborn, 
MI, June 2017. 
 
• Poramba-Liyanage, T. S.; Groysman, S. “Borrowing from natures recipes: 
heterodinuclear metal complexes for the reductive cleavage of CO2” Ohio Inorganic 
Weekend, University of Michigan, Ann Arbor, MI, November 15, 2014.  
 
 
